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I, George Yaluris, hereby declare as follows 



1. I received my Ph.D. in chemical engineering from the University of Wisconsin- 
Madison in 1995. 

2. From 1995 to present I have been employed by and continue to work for W. R. Grace 
& Co.-Conn. 



3. During my employment at W. R. Grace & Co.-Conn., I have held the position of 
Research Engineer, Senior Research Engineer, Principal Engineer, and currently 
Senior Marketing Specialist. 

4. I am a named author in at least 14 peer reviewed publications, including two peer 
reviewed publications on the origin and control of NOx in a Fluid Catalytic Cracking 
(FCC) unit regenerator, as well as on the development of new methods for testing in 
the laboratory NOx reducing catalytic compositions. 

5. I am a named author in at least 11 other publications in trade journals and other 
publications, including two publications on NOx chemistry and control in the FCC unit 
regenerator. 

6. I am a named inventor in one U.S. patent issued, and in several U.S. patent 
applications currently pending before the PTO. 

7. I worked closely with Dr. Peters, one of the inventors of the present invention while he 
was alive, and I am familiar with the contents of the above referenced patent 
application. 

8. An oxygen storage component requires an element (typically a metal) which under the 
conditions it is used in catalytic applications can have more than one valence states. 
The requirement for an oxygen storage element to have multiple valence states is the 
result of the necessity that the element can form oxides with different oxygen 
stoichiometrics, so that oxygen can be stored or released as the element switches from 



one valence state to the other, i.e., from an oxide with one oxygen stoichiometry to one 
with another. Discussing the subject of oxygen storage in their paper included in the 
book "Catalysis by Ceria and Related Materials", A. Trovarelli Ed., Catalytic Science 
Series, Series Ed. G. J. Hutchings, vol. 2, Imperial College Press, 2002, ISBN 1- 
86094-299-7, Shdofet al on page 345 write the following: 

"The existence of oxides with varying oxygen stoichiometries is well known. In 
particular, among the rare-earth oxides, those of Ce, Pr and Tb contain, under a 
wide range of conditions, metal ions of different valence and are able to 
incorporate more or less oxygen into their crystal structure depending on various 
parameters such as the gaseous atmosphere with which they are in contact, 
temperature, and pressure, " 

When having an element capable of forming oxides with different stoichiometries, the 
amount of oxygen which can be stored and released in an oxygen storage component 
may depend on a number of factors. In addition, to the factors named by Shelef al 
(gaseous atmosphere, temperature and pressure), Di Monte and Kaspar on page 52 pf 
their peer-reviewed paper (Topics in Catalysis, 28 (2004) 47-57) consider as such 
additional factors influencing oxygen storage capacity, sintering (oxide structure 
stability), sample pre-treatment, phase purity, surface and bulk properties, and the 
nature of the gaseous reducing component. However, as it becomes apparent from this 
publication, while the amount of oxygen which can be stored and released may depend 
on a number of factors, the ability to reduce the metal to a lower valence state is a 
necessary requirement for having oxygen storage capability. 

Group IIIB metals (by newer Periodic Table designations 3A or IIIA) are Sc, Y, and 
La. According to the authoritative book "Advanced Inorganic Chemistry" F. A. 
Cotton, G. Wilkinson, C. A. Murillo, and M. Bochmann, 6* Edition, John Wiley and 
Sons, 1999, ISBN 0-471-19957-5, p 1108, actinium should also be included, but in 
general it is commonly associated with the elements which follow it (the actinides). 
Group IIIB does not include ceria. According to Cotton at al the group which follows 
La, Ce through Lu (atomic numbers 58 through 71) is formally known as the 
lanthanides. While the lanthanides in combination with La and at times Y, are 
commonly referred to as the rare earths, according to Cotton at al (p. 1108), Group 
IIIB does not include the lanthanides. 



As it is clearly indicated by the Periodic Table of the Elements published by CRC 
Handbook of Chemistry and Physics, 76^' Edition, CRC Press, 1995, ISBN 0-8493- 
0476-8, as well as the description of the elements in the same book (pages 4-1 to 4-34), 
all the elements in this group, including La, have only one valence +3. Since IIIB 
elements lack the ability to form oxides with multiple stoichiometries, none of these 
elements can be an oxygen storage component. According to the CRC Handbook of 
Chemistry and Physics, the main valence state of the lanthanides is +3. However, Ce 
and Tb can also have a valence of +4, and Sm, Eu and Yb can have a valence of +2. 
Cotton et al on page 1109 also write that some of the lanthanide elements can have 



multiple valences (Ce, Tb and Pr may form +3 and +4 states, Sm, Eu and Yb may form 
+3 and +2 states). 



Several references in the open literature support the conclusion that La203 can not be 
reduced to a lower valence state and cannot be used as an oxygen storage component. 
For example, Fu et al (Q. Fu, S. Fiore, H. Saltsburg, X. Qi, and M. Flytzani- 
Stephanopoulos, Fuel Chemistry Division Preprints 2002, 47(2), 605-606, presented at 
the 224'^ National Meeting of The American Chemical Society, Boston, MA August 
18-22 2002), consider La and Zr as dopants added to ceria in order to suppress its 
crystal growth at high temperatures (sintering), and increase its reducibility. Kaspar et 
al (J. Kaspar, P. Fomasiero, and N. Hickey, Catalysis Today, 77 (2003) 419-449) on 
page 424 of their peer-reviewed paper in describing the key components of three way 
catalysts, list lanthana as a stabilizer of the surface area of the alumina support. Kim et 
al (D. H. Kim, S. 1. Woo, J. M. Lee, 0-B. Yang, Catalysis Letters, 70 (2000) 35-41) 
on page 35 of their peer-reviewed paper, also state that in three way catalysts . .La203 
is known to act as a good promoter to increase the dispersion and thermal stability of 
Pd. In addition, Ce02 plays an important role as an oxygen storage capacitor (OSC) 
which 
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all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, under section 1001 of 
title 18 of the United States Code, and that such willful false statements may 
jeopardize the validity of the application or any patent issuing thereon. 
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CHAPTER 10 

CEMA AND OTHER OXYGEN STORAGE COMPONENTS IN 
AUTOMOTIVE CATALYSTS 



MORDECAI SHELEF, GEORGE W. GRAHAM, and ROBERT W. McCABE 
Ford Research;Laboratories, Dearborn, Michigan 48121, USA 



10.1. Origin and Evoluticfn of ^Oxygen Storag(g?! in Automotive Catalysts 

The introduction of catalytic treatment of automotive exhaust in the United States in 
the first part of the 1970s began with the . removal of the products of incomplete 
combustion, carbon monoxide and - residu This task can be 

accomplished by using a simple oxidation catalyst, where, in the presence of excess 
air, noble metal catalysts promote the a^^ oxidation of the products of 
incomplete oxidation from the IC erigiri^.The regulations necessitating the catalytic 
removal of nitrogen oxides, formed in thie combustion chamber, Idcked-in in 1980. 
It initially seemed that the simplest way to accomplish this„would be to use a "dual" 
system where the upstream catalyst bed is fed by exhaust resulting from combustion 
of a slightly rich mixture of fuel arid air, Under these conditions -the reduction of 
NOx is fast and nearly complete. Secondary air is then injected ahead of a 
downstream oxidation catalyst to remoye the CO and hydrocarbons. This seemingly 
straightforward approach was found to contain a hidden flaw: the reduction of the 
NOx in the upstream catalyst resulted in a majority of the product being ammonia, 
due to the presence of hydrogen in the exhaust. When re-oxidized on the 
downstream catalyst the ammonia reverted back to NOx, vitiating the whole 
approach [1]. 

Another solution to the problem was called for. It was proposed by Gross 
et al [2] that if one could catalytically equilibrate an exhaust resulting from the 
combustion of an exactly stoichiometric combustion mixture it is 
thermodynamically possible to remove all three pollutants, leaving only water, CO2 
and nitrogen. This is a single three-way catalyst (TWC). In the same time frame the 
other systems needed for tight combustion control have matured technologically, 
such as affordable computerized electronic engiiie controls and ekhaust cbmposition 
sensors (electrochemical solid-state oxygen serisbfis)V (See Fig.' 10/1 y ' 
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Figure 10.1. Typical TWC conversion efficiency plot for hydrocarbons (HC), CO, and NO, as a function 
of air-fuel ratio. Also shown are representative air-fuel ratio vs. time traces for 1986 and 1990 vehicles 
with control bandwidth mapped onto the catalyst efficiency plot. [3] 

Nevertheless, the required tight stoichiometry constraints in a randomly 
oscillating dynamic combustion were not easily attainable. There was a need for a 
composition smoothing device/material akin to a surge tank in a hydraulic system or 
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a capacitor in an electrical circuit. This is where the incorporation of such a material 
into the catalyst came into consideration. 

The existence of oxides with varying oxygen stoichiometrics is well 
known. In particular, among the rare-earth oxides; those of Ce, Pr and Tb contain, 
under a wide range of conditions, metal ions of different valence and are able to 
incorporate more or less oxygen into their crystal stnictob^diei^ on various 
parameters such as the gaseous atmosphere , with which they are in contact, 
temperature, and pressure. The release of the oxygen can be accomplished in some 
cases without the use of a reducing agent, by switching to a lower oxygen pressure 
or higher temperature or both. In practice, however, the release of the oxygen is 
enhanced by a reductant such as CO, H2 or a hydrocarbon, which itself undergoes 
oxidation in the process. 

The rate of the uptake of the oxygen is accelerated by the presence of 
catalysts capable of dissociatively adsorbing dioxygen, which is a necessary step in 
the incorporation of oxygen ions from diatomic gaseous oxygen into a solid. The 
same catalysts also strongly promote the reduction of the solid by the reductant 
gaseous molecules. Since the scission of the oxygen bond at the. surface is 
energetically demanding, the reduction half of the overall cycle tends to be rate 
limiting. 

The first description in the open literature of the use of "oxygen storage" to 
buffer the lean-rich swings of the exhaust gas composition was in 1976 [4]. 
Initially, the main role of the "oxygen-storage component" was to extend the three- 
way **window" on the lean side of stoichiometry by acting as a sink for gas-phase 
oxygen during rich-to-lean transients. This uptake of oxygen allowed NOx 
conversion to continue for an interval of time proportional to the oxygen storage 
capacity (OSC), as shown in Fig. 10.2 (top). On the other hand, the oxygen storage 
component could also promote oxidation of reductants, like CO, during lean-to-rich 
transients, as shown in Fig. 10.2 (bottom). Early on, ceria was recognized as a 
promising storage material because of its combination of facile redox cycling 
between the trivalent and tetravalent oxidation states of the Ce ions, good thermal 
stability, ease of impregnation onto alumina, compatibility with noble metals and, 
most importantly, availability and affordability. In addition, while other, distinct, 
components were at first identified for their water-gas shift (WGS) and steam- 
reforming activities, further extending the ■'window" on the rich side under steady- 
state conditions, ceria was found to perform these fiinctions, as well.. For many 
years, ceria has been the chief oxygen storage component for three-way catalysts, 
and the mechanisms by which it works have been the subject of many studies and 
excellent review papers, including a recent detailed survey by Trovarelli [5]. 
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On the role of oxygen storage in three-way catalysis 

Roberta Di Monte and Jan Kaspar* 
Dipartimenio di Scienze Chimiche, Universita di Trieste. Via Giorgieri /, Trieste. 34127, Italy 



The role of the so-called oxygen storage and release capacity (OSC) in promoting the activity of noble metals m the three-way 
catalysts (TWCs) is critically discussed. It is shown that the promoting effects of CeOz in the TWCs cannot be attnbuted to a simple 
redox type of effect according to the reaction CeOj ^ aOi - , + ^/ZOi, since multiple and sometimes intrigumg effects of CeOz 
promoter have been observed. parUcularly in the latest generation of TWCs containing modified CeOr-ZrOa mixed oxides. 
KEY WORDS: three-way catalysts; CeOr-ZrOj mixed oxides; oxygen storage promoters 



1. Introduction 

In this paper the aspects related to the role of the 
oxygen storage in the three-way catalysts (TWCs) are 
addressed. The paper is organised as follows: first the 
correlation between the oxygen storage and release 
capacity (OSC) and activity is commented upon, then 
the nature of OSC and its correlation to catalytic 
activity are addressed. The mechanism of the redox 
processes in Ce02-Zr02 mixed oxides is addressed in 
detail and is critically discussed to show how properties 
of present and future materials can be developed. As far 
as the issue of thermal stabihty and use of composite 
Ce02-Zr02-Al203 OSC promoters is concerned, even if 
relevant to the OSC, they are not included in the present 
review as they have been addressed in a recent review [1]. 

2, The role of the oxygen storage in the TWC efficiency 

The advent, in the early 1980s, of the TWC has 
represented a major breakthrough in the development of 
the automotive pollution control devices. As is well 
known, TWCs are capable of simultaneously and 
efficiently converting CO, hydrocarbon (HC) and NO^^ 
into harmless CO2, H2O and N2, provided that the air- 
to-fuel ratio (A/F) is constantly kept in the exhaust at 
the stoichiometric point, i.e., under conditions where the 
amount of oxidants is equal to that of reducing agents. 
A/F is defined as 

mass of air consumed by the engine 
' ~ mass of fuel consumed by the engine' 

for stoichiometric combustion of isooctane (ideal fuel) 
A/F = 14.65 which represents the stoichiometric point. 
The engine-out exhaust gas composition is also com- 
monly classified in terms of A: 

^ actual engine A/F 
" stoichiometric engine A/F * 

* To whom correspondence should be addressed, 
fi-mail: kaspar@univ.trieste.it . . 



The fundamental relationship between the TWC 
efficiency and the oscillations in the air-to-fucl ratio is 
represented in figure 1 . 

A perusal of figure 1 reveals some important aspects 
of the three-way catalysis that are: (i) due to the opposite 
nature of the reactions responsible for the removal of 
the pollutants, i.e. oxidation of HC and CO and 
simultaneous reduction of NO;^, the conversions re- 
quired by the legislation (<95%) are attained only in a 
narrow window of A/F, close to the stoichiometric 
point; (ii) strong deviations/oscillations of A/F from the 
stoichiometric point lead to widening of the operating 
A/F window resulting in an average poor performance 
of the TWCs. 

It is worth recalling that uncontrolled emissions of 
40-60 g of CO/km were common to most of the 
passenger vehicles by the end of the 60s; this amount 
decreased to 2.3 g CO/km in 2000 and will be phased 
down to 1 g of CO/km in 2005 by European legislation 
(Euro phases 3 and 4). These limits therefore represent 
reduction of respectively 94-96% and 97-98% com- 
pared to uncontrolled emissions. US Tier 2 legislation, 
issued by EPA, challenged even more the catalyst/ 
vehicle producers: besides the quite restrictive limits on 
the emissions, durability as high as 120,000 miles (about 
200,000 km) will be phased-in by 2004 [2]. Clearly, an 
extreme efficiency and durability is nowadays required 
to the TWCs [3,4]. As illustrated in figure 1, such high 
efficiency is achieved over TWCs in a very narrow A/F 
window, which requires a highly efficient control of the 
exhaust composition, in particular in terms of residual 
oxygen concentration. 

Generally speaking, an integrated strategy is em- 
ployed to control A/F under operating conditions 
(figure 2), which is based on (i) an "engineering control" 
of the A/F using an integrated electronic system that 
controls fuel and air injection uSrig a fefefdback signal by 
continuously monitoring the oxygen concentration in 
the exhaust with a X (oxygen) sensor, (ii) a '"chemical 
control" of A/F, which is achieved by adding a ^ 
containing promoter of the soncalled OSC. The latter 
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Figure 1. Relationship between the oscillations in the A/F in the 
exhaust and TWC efficiency (adapted from [127]). 

component is added because of its ability to adsorb and 

' release oxygen under, respectively, fuel-lean and fuel- 
rich conditions, according to the reaction: x 

Ce02 Ce02-r+V202 } (1) 

H3O/CO: ^ ' / ^ ^ 

Reduction/oxidation of the noble metal, Pd in particular 
[5], can also contribute to the oxygen storage/release but 
is not considered in the present paper which is focused 
on the role of the Ce02-Zr02 promoters. 

Strictly speaking the definition of the OSC, i.e. 
capability to store and release oxygen, ignores a 
fundamental aspect of the OSC that is the nature of 
the oxidising and reducing agents that may interact with 
the Ce02 moiety. Equation [I] therefore presents a very 
simplified picture of the redox behaviour of the Ce02- 
containing promoters under the exhaust conditions, due 
to the presence of continuously changing reaction 
conditions and presence of a variety of oxidants/ 
reductants, e.g., HjO, CO2. CO, HC, H2, that easily 
interfere with the pure redox process [6-8]. 

It is important to recognise that the beneficial effects 
of cycled (between reducing and oxidising conditions) 
feed stream upon NO.,-, CO and HC conversion as 
compared to feeds with stationary-stoichiometric com- 
position have been identified in the early studies 
reported shortly after the introduction of Ce02 into 
TWC formulations [9-16]. This is an important consid- 
eration and the apparent contradiction with the effect of 
A/F fluctuation on the conversion can be rationalised in 
terms of critical importance of amphtude and frequency 
of the A/F oscillations in the feed, which may lead to a 
different state of the noble metal at the surface resulting 
in different activity [17,18]. For example, CO oxidation 
over Pt metal is self-inhibited by excess of CO which 
covers the metal surface and blocks O2 dissociation sites: 



oscillating conditions in the exhaust that periodically 
free the metal surface may favour O2 dissociation and 
hence the overall reaction rate. However, if inappropri- 
ate frequency and amplitude of the A/F oscillations is 
used, this effect will no longer be seen. Consistent with 
this, a review paper [19] concluded that such enhance- 
ment due to cycled feed stream, may be observed only in 
a limited range of temperature, the usual oscillation 
frequency (1 Hz) being not optimal. It must be observed 
that, following these initial papers published in the 
1 980s, the effects of cycled feed stream have seldom been 
addressed [20]. Keeping in mind the massive progress of 
the TWC technology in the past 25 years and the great 
enhancements in the properties of the OSC promoters, 
this fact is somehow surprising as insights, particularly 
on the role of spillover phenomena and rate of redox 
processes (in bulk and at the surface) in these advanced 
materials, would be very useful. 

An important corollary of these observations is that 
the extent of A/F oscillations plays a fundamental role 
in the efficiency and hence detection of efficiency of the 
vTWCs. As shown in figure 2, monitoring of A/F is 
/continuously performed by the sensors at the inlet and 
outlet of the catalytic converter. In the absence of the 
OSC function, comparable fluctuation of A/F is 
expected at both / sensors, whereas the presence of an 
efficient OSC promoter results in a dampening of the 
fluctuation at the outlet, as a result of the buffering 
capacity (equation (1)). Wide fluctuation in the O2 
concentration detected by the second A sensor signal is 
indicative of deactivation of the OSC promoter and is 
correlated to the catalyst efficiency. Figure 3 shows an 
example of a correlation between the OSC and the TWC 
efficiency [21]. Even though a simple correlation is not 
found, the precise nature of these correlations is in fact 
related to the particular engine-engine control-TWC 
system used, and monitoring OSC efficiency using the /. 
sensor is employed as a measme of the TWC perfor- 
mance. This is indeed the principle, which most of the 
current on-board diagnostics (OBD) technologies em- 
ploy to detect deactivation/failure of the TWCs [22]. 




Figure 2. Modern TWC/engine/oxygen sensor {;.) control loop for 
engine exhaust control. 
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Figure 3. Correlation between the cataJytic efladcncy of PtRh and 
PdRh catalysts engine-bench aged for 25, 50 and 200 h (r„„ 950 *C) 
and the OSC measured by alternating CO/O2 pulses: conversion of the 
dttTerent pollutants (NO, CO and HC) are given over PtRh and PdRh 
as a function of CO-OSC (adapted from {21]). 

In summary, the efficiency of the TWCs is unambig- 
uously related to the efficiency of the OSC function: loss 
of OSC signals deactivation of the TWC. 

3. Oxygen storage: measurement, mechanism and its role 
m the TWC 

3. L Measurement of OSC 

According to equation (1), the oxygen storage is 
formally considered as the amount of oxygen released 
(left-to-right) or stored (right-to-left) under the rich (net 
reducing)/lean (net oxidising) excursions of A/F. 

From the thermodynamic point of view, the standard 
potential for reduction of Ce"*"*" to Ce^"*" is 1.74 V in 
solution [23] which indicates that Ce(IV) in solution is a 
strong oxidant. In the solid state, the situation is 
different. CeOa crystallises in the fluorite structure in 
which each cerium ion is co-ordinated by eight oxygen 
neighbours. This co-ordination stabilises the Ce*"*" state 
and makes the reduction of Ce02 unfavourable. In fact, 
the fluorite structure of ceria is a direct result of the ionic 
nature of ceria and of the charge and size of the ions. 
Model calculation has shown that it is formed when a 
sufficiently high number of CeOa units (about 50) are 
clustered together [24]. The ability of CeOa to undergo a 
relatively easy reduction {vide infra) compared to other 
oxides, can in principle also be related to the general 
property of fluorite structure/mixed valence oxides to 
strongly deviate from stoichiometry [25]. It is worth 
iTBcalling that of the two processes (reduction/oxidation), 
oxidation is fast [26], and occurs deep into the bulk even 
at room temperature (RT), whereas reduction typically 
occurs above 473 K [27-29]: " 



Two types of measurements of OSC were distin- 
guished by Yao and Yu Yao [30]: the so-called complete 
or ultimate oxygen storage capacity (total OSC), i.e. an 
oxygen storage measured under thermodynamic control 
{vide infra), and the kinetic oxygen storage, (dynamic 
OSC), i.e. measured under kinetic control. The total OSC 
represents the widest "limiting" amount of oxygen trans- 
ferable from the catalyst at a given temperature and 
generally is limited in the case of CeOa by formation of 
some non-stoichiometric Ce02 - x compound [27,28,31]. 
Consistently, isothermal reduction of CeOa at 973 and 
773 K led respectively to CeOi.g and CeO|.89 [32], Total 
OSC is typically measured using the temperature pro- 
grammed reduction (TPR) technique or by an oxidation 
following a reduction at a fixed temperature [33]. 

The dynamic OSC is typically measured by alterna- 
tively injecting pulses of an oxidising, usually O2 in inert 
gas, and reducing, usually CO or H2 in inert gas or even 
inert gas itself at a high temperature [34], mixtures into a 
flow of inert carrier passing through the catalysts bed at 
a fixed temperature. It is considered to be more related 
to the real exhaust conditions, since O2 release/accimiu- 
lation is measured under dynamic conditions; on the 
other hand, standard conditions for these measurement 
are lacking so that comparing data from different 
sources is difficult. Also the fact that the redox cycles 
are often much slower compared to the rate of A/F 
(1 Hz) oscillations due to physical constraints, are 
factors that make this technique much less used com- 
pared to the traditional and readily available TPR 
technique. It is important to underline the point that 
correlations between the dynamic OSC and total OSC 
have been found [35,36]. Also worth to be noticed that, 
as shown below, the nature of the reducing agent plays a 
key role in the OSC. Accordingly, in the following text 
the H2- and CO-OSC will be distinguished to indicate 
whether hydrogen or carbon monoxide has been used as 
reducing agent. In fact, HC have only sparingly been 
employed as reducing agent, more complex reaction do 
in fact occur on the surface in this case, rather then a 
pure redox process [35], 

3,2, Role and mechanism of the OSC 

3,2 J, NM-CeOz interactions and Ce02 and NMICe02 
reduction behaviour 
As shown in Section 2, the OSC is a crucial property of 
the TWCs directly linked to its efficiency. However, it is 
important to recognise that the impact of OSC on the 
catalytic performance of the TWC cannot be lunited to a 
pure oxygen buflfering effect as indicated by the redox 
process reported in equation (1). In fact, it is an ambitious 
task to define the role of the Ce02 in the three-way 
catalysis since evidence for multiple effects of this 
promoter have been found. Ceria has been suggested to: 

• promote the noble metal dispersion; 

• increase the thermal stability of the AI2O3 support; 
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• promote the water gas shift (WGS) and steam 
reforming reactions; 

favour catalytic activity at the inteifadal metal-sup- 
port sites; 

• promote CO removal through oxidation employing a 
lattice oxygen; 

• store and release oxygen under respectively lean and 
rich conditions. 

A detailed discussion of all these effects is outside the 
scope of this paper, we refer the reader to exhaustive 
reviews on the role of Ce02-based promoters (see for 
example [35,37,38]) and companion papers in this issue. 
A perusal of the above listed effects suggests, however, 
that there is a conunon point in most of the chemical 
effects, which are related to the role of NM/Ce02 
(NM = noble metal) system in the TWCs. This is to 
promote under the reaction conditions, the rate of migra- 
tion/exchange of oxygen species between the different 
reactants. Under such a broad perspective, most of the 
above quoted promoting phenomena can be somehow 
related to equation (1). The promotion of the WGS by 
Ce02 can be cited in this respect as an example [39]. Two 
reaction pathways were proposed for this reaction [40- 
42]: an "associative" mechanism in which a hydroxyl 
group produced by dissociation of water can combine 
with an adsorbed carbon monoxide to further react to 
give CO2 and H2 via a formate intermediate and a 
^'regenerative" mechanism, where water oxidises the 
surface producing hydrogen and an oxidised surface 
capable of interacting with CO to give CO2. The discrep- 
ancy between the two proposals can be accounted for 
when a bifunctional mechanism is considered for the 
NM/Ce02 systems where, in addition to the reaction 
catalysed at the NM sites, a reaction path is considered 
that involves a reaction between CO adsorbed on the NM 
and oxygen from Ce02 at the NM/CeP2 interface [39,43]. 



On the role of oxygen storage 

The reaction mechanism is generally investigated 
under stationary feed stream where the occurrence of a 
"regenerative", i.e. redox type of reaction mechanism is 
less likely, whereas occurrence of such a mechanism is 
highly probable under a feed stream cycled between 
oxidising and reducing conditions, where reduction/ 
oxidation of Ce02 sites can effectively occur. Consis- 
tently, TWC activity of a model Pt/CeOj/AljOs catalyst 
was much more effectively promoted when water was 
added to the simulated exhaust mixture under cycled 
feed stream compared to stationary streams, either 
reducing or oxidising [44]. Under cycled conditions, 
most of the reduced ceria moiety is oxidised by water in 
the exhaust, generating H2 [18,44]. Production of H2 
under reaction condition is an important aspect as NO^c 
reduction is very fast when H2 is used as reducing agent 
even under oxidising conditions (lean DeNO J [45-47] 
and, in addition, it promotes removal of adsorbed SO-x 
[48]. 

These considerations indicate that OSC may be 
considered as a complex phenomenon in that the pure 
redox process (equation (1)) can hardly be considered 
apart from the whole reaction network that occurs 
under the exhaust conditions, as many of the chemical 
reactions are intimately linked together. On the other 
hand, it has been unequivocally shown that catalytic 
properties, in particular those of Ce02 and NM/Ce02, 
are directly Jinked to the reducibility of Ce02 at low 
temperature ^770 K) [49]. 

As shown in figure 4, upon redox ageing at 1000 **C, 
both Ce02 and Rh/Ce02 strongly sinter with surface 
area dropping below 10 m^ g"\ Fresh samples feature 
the typical two reduction peak TPR profile where the 
low temperature (LT, <800 K) peak is associated with 
reduction of the surface whereas the peak at high 
temperature (HT;«1 100 K) is associated with reduction 
in the bulk of Ce02 [30,50]. In the presence of the NM, 
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Figure 4. Effect of redox ageing on the H^TPR profiles of (a) CCO2 [1,2] and Rh/Ce02 [3,4]. Surface areas: fresh: 190 g"^ [1,3] and redox: 
aged: < 10 m g" [2,4]; (b)_Cea.5Zro.s02 [1,2] and Rh/Ceo.jZro.sOj [3-5]; Surface areas: fresh: 65 g"* [1,3]. rcdox-aged: <10 ra^ g"* 1241 and 
caJdned 1873 K <!0 g"^ [5] (adapted from [35.64.95, 128». The peak at lOOO K in fresh Kh/O^^ sOz « attributed to reduction of some 
CeOi not incorporated into the solid solution. 
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the LT peak shifts down to 450 K, which is associated 
with the ability of Rh to activate and spill hydrogen over 
the support thus fadhtating surface reduction. 

In reality, more complex processes occuf during the 
TPR experiment. Due to poor thermal stability 'of Ce02 
under a reducing atmosphere [51], sintering of the high 
surface area material occurs concurrently to the reduc- 
tion process. Consistent with this, the TPR profile of 
such high surface nano-crystalline materials could be 
modelled by considering a two component system: 
nanocrystalline and bulk C&Oz where the latter reduce 
and simultaneously sinter to form bulk Ce02 in the TPR 
experiment [52,53]. As a consequence of the loss of 
surface area (sintering), the low temperature reduction 
peaks disappear in the TPR profile of the aged sample. 
Notice that also the NM-<:e02 interaction, detected by 
the shift of the LT peak to lower temperature, is no 
longer detected in the aged samples indicating perma- 
nent loss of LT reduction capability, i.e. total OSC. 

The critical importance of the extent of the surface 
area of Ce02 for the low temperature redox processes 
suggested that at the usual converter working temper- 
atures, and under the periodic A/F operations, redox 
processes in a NM/Ce02 system are essentially limited 
to the surface. These observations immediately point out 
the major issue of the late 1980s and early 1990s TWCs, 
which was the thermal stability of the surface area of the 
Ce02 promoter: a drop in the Ce02 surface area is 
directly related to catalyst deactivation. 

33. Effect ofZr02 on the redox behaviour ofCe02 

Modification of Ce02 by addition of ZrOs has 
represented a major breakthrough in the development 
of the OSC promoters, and hence TWC technology 
[3.49,54,55], It is interesting to note that use of Zr02 as a 
TWC ingredient can be traced back nearly 20 years [56- 
58], but a major reason in these early attempts was to 
place the Rh component onto ZrOz, thus prevenUng the 
undesirable interaction of Rh and AI2O3 leading to 
hardly reducible species Rh^"^ species. Formation of iso- 
lated Rh species is not favoured over Zr02 [59]. Only 
later, the beneficial effects of ZrOa on the efficiency and 
thermal stabUity of the OSC promoter have been recog- 
nised [60-^3] and it is now well accepted that formation 
of a Ce02-Zr02 solid solution represents a key factor to 
improve both thermal stability and OSC of CeOz. 

The effect of insertion of ZrOj into the CeOj lattice 
on the total OSC is striking as denoted by the 
persistence of the LT peak in the TPR profiles of 
ZrOz-containing aged samples (figure 4). in contrast to 
CeOa and Rh/CeOa. Since comparable sintering was 
experienced by both types of catalyst, ZrOa clearly and 
significantly modifies the chemical behaviour so that 
even reduction in the bulk occurs at a low temperature. 

The major point is that the HT peak, that in CcOj is 
associated with reduction in the bulk, moves to temper- 



atures comparable to those of the LT peak in Ce02, 
associated with surface (nano-crystalline) reduction. The 
fact that bulk properties may play a significant role in 
the reduction of Ce02-Zr02 was pointed out by early 
investigations [63,64] of NM/Ce02-Zr02 prepared by a 
solid state synthesis, i.e. by firing at 1873 K. The 
observation that an efficient low temperature redox 
process occurred over such systems, nearly fully sin- 
tered, provided that an appropriate amount of Zr02 is 
inserted into the host Ce02 lattice, could in principle 
lead to intrinsically thermally stable promoters since the 
bulk rather than the surface alone may act as an oxygen 
reservoir. 

For practical applications, however, high surface area 
(HSA) is needed to allow efficient NM dispersion. This 
adds complexity to the system, due to the meta-stable 
nature of the Ce02-Zr02 solid solutions that makes the 
preparation difficult and detection of a single phase 
Ce02-Zr02 HSA product. For a detailed discussion of 
these aspects we refer the reader to a recent review [1], 
whereas here we will focus on aspects related to the 
redox property and in particular the reduction mecha- 
nism with the aim to provide a guide for developing 
novel materials. 

33,L OSC ofCeOr-ZrOz cmd NMICeOj-ZrOs systems 
using H2 as reducing agent (H2-OSC) 
Reduction behaviour of Ce02-Zr02 and NM/Ce02- 
Zr02-containing materials has been intensively investi- 
gated in the last years [49]. However, due to the difficulty 
in obtaining single phase HSA products by synthesis 
(1,49], a rationale for the H2-OSC of these systems is 
difficult to derive. An attempt to provide some better- 
insight into this topic is made here. 

A reduction scheme for the reduction process in CeOa 
is depicted in Scheme 1 [27,65^68]. It consists of five 
steps, four of which are essentially related to the surface, 
whereas the last one involves bulk. These are: 

(1) dissociative chemisorption of H2 at the surface to 
form hydroxyls, 

(2) reversible reduction of Ce**"^, 

(3) water formation at the surface with creation of 
oxygen vacancies, 

(4) desorption of water, 

(5) diffusion of the surface anionic vacancies into the 
bulk. 

In their kinetic investigation of reduction of CeOa 
and Rh/Ce02, El Fallah et al. [65] observed that 
between 573 and 673 K the reduction starts at the 
surface through successive H2 dissociation and anionic 
vacancy formation, followed by a much slower bulk 
diffusion step. H2 dissociation was suggested as the 
limiting step of the surface process on pure ceria. On 
Rh/Ce02 samples the surface reduction becomes very 
fast, due to the efficient hydrogen dissociation on 
metalhc rhodium. 
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Scheme 1. Proposed reduction mechanism for CbOa using H2 as 
reducing agent [27,65^68J. Step 2 takes into account the reversible 
chcniisorplion/reduction of CeOa as detected by Bernal et al [67-69]. 

It appears reasonable to extend this model also to the 
reduction of the Ce02-Zr02 systems: accordingly, the 
shift of HT peak in aged Rh/CeOz to low temperature in 
the highly sintered Rh/Cco.sZro.sOj (figure 4) was attrib- 
uted to promotion of the rate of migration of oxygen in 
the bulk of the mixed oxide [64]. Consistent with this 
interpretation, the temperature of the LT reduction peak 
depends on the CeOj-ZrOz composition: samples with 
the highest Zr02 content compatible with a pseudo- 
cubic symmetry (around 50 moI% of ZrOz) wer^ shown 
to be reduced at the lowest temperatures [64]. This early 
observation therefore suggested an important role of the 
CeOa-ZrOz structure ~ phase nature - upon the H2- 
OSC. From a structural point of view, there is a quite 
significant misfit between the ionic radii of Ce(IV) and 
Zr(IV) (0.097 versus 0.084 nm [70]), which is responsible 
for modifications of the CeOz lattice upon insertion of 
ZrOz. As the amount of ZiOa increases, the fluorite 
lattice of CeOa (Fm3m space group) starts to be 
tetragonally (P42/nmc space group) distorted: first a 
simple oxygen displacement occurs (/"-phase) then also 
the cja lattice parameter increases above 1 and /- 
phase) [71,72]. There are no well-defined boundaries 
between these phases as the distortion continuously 
changes with sample composition and is sensitive also to 
the particle size of the mixed oxide [49,73]. 

Furthermore, the presence of Zr02 in the Ce02 lattice 
makes the lattice defective, the highest amount of defects 
being present at the phase transition [64]. The 
presence of the defective/distorted structure has been 
noted as a key factor in promoting the mobility of 
oxygen in the bulk of the Ce02-Zr02 mixed oxides and 
hence responsible for the shift of the HT (in Ce02) 
reduction peak to LT [64,74]. The exact nature of such 
defects is still a matter of investigaUon: Mamontov et al 



[75,76] recently detected both oxygen vacancy and 
Frenkel interstitial defects in a Ce02-Zr02 mixed oxide 
that did not disappear upon annealing at high temper- 
ature, in contrast to Ct&i. 

This model agrees nicely with the presence of strong 
distortions in the oxygen sublattice of CeO2-Zr02 that 
have been detected by EXAFS [74,77]: the low 2r-0 
coordination number (CN < 8) compared to CN = g 
expected for a fluorite lattice, detected by EXAFS, is 
perfectly consistent with displacement of oxygen to- 
wards octahedral sites as suggested by Mamontov et al 
[75,76]. Correlation between these defects and LT OSC 
was inferred on the basis of the observation that both 
LT OSC and concentration of Frenkel defects declined 
upon thermal treatment of Ce02 [76]. 

The presence of Zr02 is crucial to ensure thermal 
stability of these defects: the smaller Zr(IV) compared to 
Ce(IV) decreases the lattice parameter of the solid 
solution, which generates stress that forces migration of 
oxygen from the small tetrahedral sites to the large 
octahedral ones. It is consistently found that although 
the fine structural properties are dependent of the degree 
of sintering of the sample, oxygen sublattice disorder is 
always detected [78]. Some subtie details still need to be 
defined. For example, in contrast to Mamontov et al.^s 
observations, no appreciable amount of Ce^"^ was 
detected by magnetic measurement in HSA CeOj- 
Zr02 [36,79]. Nevertheless, the overall picture well 
explains the high mobility of the bulk oxygen species 
in Ce02-Zr02 mixed oxides compared to CeOj, partic- 
ularly in nanocrystalline materials [80,81]. 

So far, the importance of the structural factors in 
generating efficient low temperature H2-OSC in CeOy- 
Zr02 has been underlined. Both composition, and even 
the mutual cation distribution, e.g. presence of pyroch- 
lore-related ordered structures [82-86], have been 
mvoked as favourable factors leading to enhanced OSC. 

However, in addition to these issues, the TPR profiles 
of Ce02-2r02 mixed oxides are sensitive to a variety of 
factors such as degree of sintering [63,73,87,88], sample 
pre-treatment [36,83,86-92] and phase purity 
[49,73,93,94]. As exemplified in figure 5, a redox 
sequence with pre-treatments including sequences of 
the type: severe oxidation (SO)/severe reduction (TPR)/ 
mild oxidation (MO), produces CeOj-ZrOj oxides that 
are reduced at remarkably low temperature/despite the 
fact that no appreciable modification of the bulk 
structural properties could be detected in the sample 
[95]. Noticeably, the improvement of the LT reduction is 
reversibly destroyed by a SO leading to a kind of 
variable redox behaviour where the reduction temper- 
ature depends on the pre-treatment. 

The independence of this kind of behaviour on 
structural properties was confirmed by investigating 
the TPR behaviour of two single phase - to the detection 
limits of the criteria discussed in [1,96.97], i.e after 
calcination at 1273 K for 5 h - Ceo.iZragOi samples. In 
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Figure 5. Effects of pre-treatments on in situ (a) DrTPR profiles and 
(b) H2/D2 scrambling obtained for single phase CeosZfojOj Pre- 
ireatmente: (I) fresh, (2) MO. (3) SO, (4) MO, (5) SO. MO (mild 
oxidation) = o;<idalion at 700 K. SO (severe oxidation) = oxidation at 
1273 K. Instrumental baseline is added under each trace in (a). 

this case, TPR behaviour and dynamic Hz- and CO- 
OSC were compared for a sinterable and a thermally 
stable Ceo.2Zro.8O2, analysing the effects of redox pre- 
treatments [98]. A remarkably different redox behaviour 
was observed: the sinterable CcoaZro gOz (BET area 
4 m g after calcination at 1273 K) featured a mod- 
ifiable TPR behaviour of the type depicted in figure 5 
whereas pre-treatment insensitive behaviour was de- 
t«:ted for the texturally stable Ceo.2Zrojj02 (BET area 
22 m g after calcination at 1273 K). This highlighted 
the importance of textural/surface properties in the 
reduction behaviour of the CeOr-ZrOj mixed oxides in 
that a strong sintering (including a HT step under 
oxidising condition) appears as a necessary pre-requisite 
to obtam low temperature reduction profiles [95] 

It must be underlined at this stage that achieving LT 
reduction in these oxides in the absence of the supported 
metal B considered an important property since it 
should lead to thermally stable OSC promoters where 
the redox property does not depend on the intimate 
contact between the supported metal and the mixed 
oxide. This contact, which leads to enhanced reduction 
at low temperatures (figure 4), cah in fact be lost upon 
sintering of the MM leading to deactivation of the 
catalyst. On the other hand, the necessity of mclusion of 
a sintering step at some stage of the preparation of the 
active species [86.91,95], makes these systems of UtUe 
interest in real applications as dynamic-OSC property is 
related also to the extent of surface area of the material 
(see below). 

The H2/D2 scrambling profiles reported in figure 5 
show sigmficant modification of the capability of the 



surface to activate hydrogen as a funcUon of the pre- 
treatment. Noticeably, in all cases scrambling occurs at 
temperatures well below the temperature of the reduc- 
tion of the samples as documented by comparison with 
water evolution profiles (figure 5). This indicates that 
step 1 in Scheme 1 is not a rate luniting step for 
reduction under these experimental conditions. A 
detailed kinetics study of the TPR profiles using Hj 
and D2 as reducing agents [95,99] revealed the presence 
of an isotopic effect for the HT peak and its absence for 
the LT peak, indicating that oxygen migration in the 
bulk could be rate limiting only for the reduction 
processes occurring at low temperatures. This is an 
important consideration since it highlights that by 
appropriately modifying the surface properties of the 
CeOz-ZrOa mixed oxides, active sites could be gener- 
ated at the surface that promote LT reduction. Consis- 
tently, the sintered species that feature in the LT peak in 
figure 5 had a modified surface composition compared 
to the starting oxide even though distinction between the 
nature of the surface modification induced by SO or MO 
could not be detected [95]. 

We have elaborated on these findings to some extent 
investigating the effects of modifications at the surface 
of a smgle phase — texturally stable — Ceo^zZrogOj 
product [100], As shown in figure 6. a conventional 
single phase product features a single reduction peak 
that is centred around 800 K, which is consistent with 
previous observations [49]. However, when this high 
surface area sample (52 m^ g"') was modified using an 
advanced surface process operatmg at an intimate 
particle nano-morphdlogy, remarkably low reduction 
could be achieved without any loss of BET area or 
structural modifications (figure 6. [100]). Although our 
investigation m progress is aimed at an understanding of 
the mechanism of this remarkable modification of the 
reduction behaviour of these mixed oxides, which to our 
knowledge has been obtained for the first time on HSA 
samples, we believe that the important message of this 
hnding 18 that surface properties play a key role in 
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Figure 6. Hj-TPR of (1) conventional and (2) advanced - surface 
processed single phase Cet.2Zro,«02 product* [100]. 
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allowing activation of hydrogen at low temperatures- 
Consistently, D2-TPR experiments performed on these 
advanced products showed the occurrence of hydrogen 
scrambling at fairly low temperatures. 

As shown in figure 4, the presence of NMs funda- 
mentally modifies the reduction (using H2) behaviour of 
the Ce02-Zr02 mixed oxides. As stressed above, effi- 
cient H2 activation (step I in Scheme 1) plays a key role 
in producing LT reduction profiles. Over NMs, H2 
activation is an easy reaction. Accordingly, other 
phenomena, i.e. other steps of the reduction process, 
become important for the OSC function and may 
dominate the kinetics of the reduction. 

It has long been recognised that H2 can be effectively 
adsorbed at the Ce02) with the NMs, and particularly 
Rh, playing a key role in this phenomenon, leading to 
the so-called reversible reduction of Ce02 [67,68,101]. 
The term reversible arises from the observation that 
simple RT evacuation, that desorbs H2 previously 
adsorbed on the system, leads to re-oxidation of the 
reduced Ce^"*" sites (step 2 in Scheme 1), without creation 
of oxygen vacancies. Accordingly, Bernal et al. 
[67,68,101] distinguished this "reversible" process from 
the so-called irreversible reduction, i.e. reduction of 
Ce02 leading to creation of oxygen vacancies either 
surface (step 4 in Scheme 1) or in the bulk (step 5 in 
Scheme 1). Oxygen or oxygen-containing moieties are 
necessary to annihilate the oxygen vacancies generated 
in the irreversible reduction [7,68,102-104]. 

The relative contribution of these two reduction 
pathways strongly depends on the temperature of the 
interaction of the NM/Ce02-containing system with H2, 
as observed in TPD studies that showed different ratios 
of H2/H2O desorption following H2 adsorption at 
various temperatures [105]. Significant H2-OSC was 
detected as H2O production generated by alternatively 
pulsing H2 and O2 at RT, over Pt/Ce02 and Pt/ 
Ceo.68Zro.32O2 catalysts [106]. Almost no activity was 
detected over similarly loaded Pt/Al203, ruhng out H2/ 
O2 titration at the metal surface as being responsible for 
the observed H2-OSC. At RT creation of oxygen 
vacancies is unlikely, allowing attribution of this OSC 
to spillover phenomena. A subsequent detailed investi- 
gation, in fact, revealed linear correlations between the 
amount of H2 spilt over the support, the RT H2-OSC 
and the extent of BET surface area of the Ce02- 
contaning catalysts [107]. A corollary of these experi- 
ments is that measurements of the amount of H2 spilt 
over the support can be used to estimate the Ce02 
surface in the TWCs [108,109]. Keeping in mind that 
under real exhaust conditions the OSC is monitored by 
measuring the oxygen concentration, it is clear that such 
spillover phenomena may contribute to the OSC prop- 
erties at low temperatures. In this context, it is impor- 
tant to underline that the linear relationships between 
RT H2-OSC and extent of surface area showed higher 
spillover efficiency, i.e. higher slope, for Pt/Ceo.68- 



Zro.3202 compared to Pt/Ce02 suggesting a key role of 
Zr02 in promoting the spillover capabilities of Ce02, in 
addition to increased oxygen mobility and hence reduc- 
ibility in the bulk. As the temperatures of the H2-OSC 
was increased from RT to 473 K, a shift from a 
spillover-type of phenomenon to a bulk type of irre- 
versible reduction was observed as denoted by the fact 
that a SO/TPR/MO (compare above) pre-treated/pro- 
moted sintered Pt/Ceo.68Zro.3202 featured higher H2- 
OSC at 473 K, compared to the initial HSA sample 
[110]. 

33,2. OSC of CeOr-Zr02 and NM/Ce02-Zr02 systems 
using CO as reducing agent (CO-OSC) 

OSC using CO as a reducing agent has received 
relatively little attention despite the fact that CO 
represents the most abundant reducing agent contained 
in the automotive exhaust. Two reasons may account 
for this: (i) compared to H2 as reducing agent, there is 
no such spectacular promotion of the Ce02 reduction 
behaviour induced by the supported noble metal [1 1 1]; 
(ii) the need for a more complex experimental set-up to 
carry out the CO-OSC experiments [33]. The reduction 
profile is generally measured by detecting the formed 
CO2 and/or consumed CO/O2. CO2/CO, however, can 
be formed/consumed both by CO oxidation, which leads 
to creation of oxygen vacancies and by WGSR of 
adsorbed CO with surface OH groups leading to 
dehydroxylation of the support. In fact, the latter 
reaction was found to significantly contribute to the 
overall reduction process for AI2O3 supported Ce02 
[112]. Finally, the occurrence of disproportionation of 
CO to give surface carbon and CO2 cannot be dis- 
counted under the CO-TPR/dynamic CO-OSC condi- 
tions. The occurrence of the latter reaction can be 
discriminated by detecting simultaneously both the rates 
of CO consumption and CO2 production. However, 
only a simultaneous quantitative detection of evolved 
water, together with CO and CO2, allows an unambig- 
uous assignment of the reduction process in the CO- 
TPR since both the WGSR and CO oxidation consume/ 
form respectively CO and CO2 at equivalent rates. 
Unfortunately, the detection of evolved water is not easy 
due to its extensive adsorption on the surface of Ce02. 

On the other hand, CO-TPR presents interesting 
features due to the fact that CO does not diffuse into the 
bulk of Ce02 particles. Accordingly, the reduction may 
be envisaged as a measure of the oxygen diffusion 
towards the surface where it is removed by interaction 
with CO in this experiment [38]. Generally speaking, 
surface processes appear rate limiting in the reduction 
process when CO is used as reducing agent [113-115]. 
The effect of Zr02 addition to Ce02 is of little or no 
benefit under stationary conditions [76,115,116], 
whereas under a cycled-feed stream (dynamic-CO) 
improvement of performance is detected [113-116], 
particularly on aged samples [115]. 
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Figure 7. CO oxidation under oscillaUng CpuJses of O2 and CO) feed 
stream over Ceo jZrojOj, Dotted line mje = 28. solid line mie^AA ml 
e = 32 omitted for clarity, while peak maxima are evidenced by a soKd 
Ime. The different contributions to CO, signal are detailed in the inset 
(Courtesy of Prof. A. TrovareBi. University of Udine [1 17]). 

It was observed that at low temperatures (573-773 K) 
diffusion of oxygen in the bulk of the mixed oxides is 
much faster (two orders of magnitude) higher then in 
pure CeOz, suggesting that participation of oxygen from 
the bulk may contribute to the promotional effect of 
ZrOa addition [115). As discussed above, the extent of 
surface area plays a key role in the CO-OSC due to the 
fact that complex phenomena with surface reduction, 
CO storage and CO desorption are detected [110]. This 
IS exemplified in figure 7 where two distinct contribu- 
tions to CO2 production are identified. The first one 
which reaches a steady state at 750 K and apiwars to 
comcide with the CO pulse is associated with the direct 
reaction of CO with oxygen from the support, whereas 
the second one, which depends on the extent of the 
surface area, is attributed to desorption of CO2 induced 
by the O2 pulse and/or reaction of adsorbed CO or Cad, 
derived from the disproportionation reaction 
[26,110,112,117]. It is unportant to realise that, even if 
different reaction networks are considered, both contri- 
butions can participate in the OSC in that they both 
regulate the O2 partial pressure. The presence of the 
different processes clearly underKne the importance of 
the surface area in the CO-OSC as different reaction 
pathways are possible depending also on the redox state 
of the surface [110]. The comparison with the Hj-OSC 
data clearly point out the necessity of a systematic 
investigation of the interaction of CO with the surface of 
these materials to develop the basic knowledge that 
allows the design of novel materials with tuneable 
catalytic (redox) properties. 



J between the different phenomena, 

WGSR, steam reforming, spillover etc., and OSC being 
established. In fact we believe that a definition of OSC 
such as that given in equation (1) represents a quite 
restnctive view of this functionality of the TWCs- 
consistently the efficiency of the TWQ in the real 
exhaust is monitored by/related to the oxygen concen- 
tration, which in turn is regulated by a complex network 
of reactions/interactions. The capability of CeOj-based 
materials to provide/abstract oxygen at the catalytic 
sites IS perhaps a better description of this OSC 
functionality where spillover properties, creation/anni- 
hilation of oxygen vacancies and various metal support 
mteractions combine to promote the activity of the 
supported metal. The CeOj-ZrOa based mixed oxides 
which are the key OSC promoters, show an almost 
mcredible vanability of chemical behaviour despite the 
apparent simplicity of the system. Both surface and bulk 
properties play a role. The understanding of the 
reduction mechanism of these oxides [95] indicated a 
viable route to produce novel materials where tuneable 
redox properties, with respect to H2 as reducing agent 
can be achieved on a "real" HSA material. The 
possibility of producing novel redox materials with 
tuneable capabiHty to activate simple reactants, where 
spillover capabilities can be adequately designed 
appears as a novel frontier in designing catalysts/ 
catalyst promoters for specific catalytic reactions For 
example, the targets obtained in the development of 
materials for TWCs constitute an important scien- 
tific background for the design of new catalytic systems 
for on-board hydrogen production. In fact, the on- 
board fuel reformer unit employs a number of cata- 
lytic steps involving reactions that routinely occur 
under the exhaust conditions; most of them appear to 
be promoted by the NM/CBO2 interactions [49], and 
are mdirectiy linked to OSC as discussed above 
Consistendy. M/CeOz-ZrOj materials were reported 
to feature good activities for fuel reforming, water 
gas shift reaction and preferential oxidation [39,118- 
126]. ' 



4. Condusions and peispectives 

The picture of the OSC here reported clearly reveals 
the complexity of this apparentiy simple redox phenom- 
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19-1 Overview 

<~The Group 3 elements are scandium, yttrium, and lanthanum. Strictly speaking ) 
'actinium should also be included, but it is the general practice to associate it with / 
: the elements that follow it (the actinides) and treat them all separately, as we do/ 
i in this book in Chapter 20. / . , 

^ There are fourteen elements that follow lanthanum and these are called the ^ 
. lanthanides. They are listed along with lanthanum in Table 19-1, where some of ~^ 
^ their principal characteristics are also listed. In passing from La to the last of^the 
lanthanides, lutecium, Lu, the electron configuration goes from [Xe]5^/6s to 
[Xe]4/"5d65l That is, the fourteen 4/ electrons are added, although as shown m 
Table 19-1, not without slight irregularities at several places. Among the Ln^+ ions 
(where Ln'is a generic symbol for any one of the lanthanides) the progression is 
completely regular, from 4/» (La), 4/' (Ce), to 4/" (Lu). The lanthanide metals, 
and La, are all relatively electropositive metals that strongly, although not exclu- 
sively, favor the tripositive oxidation state. Because of their very similar chemistries, 
they generally occur together in Nature and separating them is a non-trivial problem 
(see Section 19-3). 

The lanthanide contraction is the name given to the phenomenon that is evident 
in the last column of Table 19-1, namely, that there is a steady decrease in the radii 
of the Ln'+ ions, from La to Lu, amounting overall to 0.17 A. A similar contraction 
occurs for the metallic radii and is reflected in many smooth and systematic changes 
in the properties of the elements (Section 19-3). The lanthanide contraction also 
has consequences for all the elements following Lu. Thus, while the Zr atom is 
larger than the Ti atom with major consequences in differentiating their chemistries, 
Hf as well as Hf ^* are virtually identical in size to Zr and Zr^+ and their chemistries 
are very, very similar, although not identical. This sort of situation continues (i.e., 
for the pairs Nb/Ta, Mo/W, etc.) although the divergence in chemical properties 
progressively increases. 

The lanthanide contraction used to be ascribed simply to the fact that whUe 
the 4/ electrons have a considerable part of their wave function within the outer 
parts of the Ad, 5s, and 5p orbitals (i.e., the Xe core) thus making them unreactive, 
they stiU provide only incomplete shielding of the outer electrons from the steadily 
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Table 19-1 Some Properties of Lanthanide Atoms and Ions 

Electronic 



Atomic 






configuration 




Radius 


number 


Name 


Symbol 


Atom 




EO(v)« 


MP* (A) 


57 


Lanthanum 


La 


5d6s^ 


[^ej 


-2.38 


1.17 


58 


Cerium 


Ce 




40 


-2.34 


1.15 


59 


Praseodymium 


Pr 




4p 

4P 


-2.35 


1.13 


OU 


Neodymium 


Nd 


4/^6^2 


-2.32 


1.12 


61 


Promethium 


Pm 




-2.29 


1.11 


62 


Samarium 


Sm 


AP 


-2.30 


1.10 


63 


Europium 


Eu 


4/« 


-1.99 


1.09 


64 


Gadolinium 


Gd 


4f5d6s^ 

4f6s^ 
4/i%j2 


Af 


-2.28 


1.08 


65 


Terbium 


Tb 


Ap 


-2.31 


1.06 


66 


Dysprosium 


Dy 


AP 
Ap^ 


-2.29 


1.05 


67 


Holmium 


Ho 


4/"652 


-2.33 


1.04 


68 


Erbium 


Er 


4/126^2 


4fn 


-2.32 


1.03 


69 


Thulium 


Tm 


4p'6s^ 




-2.32 


1.02 


70 


Ytterbium 


Yb 


4p^6s^ 
4f'5d6s^ 


4fn 


-2.22 


1.01 


71 


Lutetium 


Lu 


Ap* 


-2.30 


1.00 



-Ln^^ + 3e = Ln. 



increasing nuclear charge. Therefore, the electron cloud as a whole steadily shrinks 
as the 4/ shell is filled. In recent years there has been theoretical work suggesting 
that relativistic effects may also play a role. 

: The term rare earth elements is sometimes applied to the eleinents La-Lu plus 
yttriuniDThe convenience of including La, which, strictly speaking, is not a lanthan- 
ide, is obvious. The reason for including Y is that Y has radii (atomic, metallic, 
ionic) that fall close to those of erbium and holmium and all of its chemistry is in 
the trivalent state. Hence it resembles the later lanthanides very closely in its 
chemistry and occurs with them in Nature. 

Scandium, on the other hand, is far smaller than any of the lanthanides (Sc^"^ 
radius, 0.89 A) and its chemical behavior deviates in many ways from that of the 
lanthanides, being in significant ways similar to that of aluminum or gallium. 

Although the +3 oxidation state is by far the most common one for the 
rare earth elements, for some of them others (+2, +4) are of importance. 
Cerium, and to a much lesser extent Pr and Tb, can form Ln^"" ions (formally 
speaking) but these are strongly oxidizing. Sm, Eu, and to a lesser extent Yb 
I form Ln2+ ions. These deviations from "normal" behavior (i.e., formation of 
only Ln^-') are sometimes attributed to the special stability of empty, half-filled 
or filled shells: Ce^^ (4/«), Eu^^ (4/^), Yb^^ (4/^^. but Pr^^ (4/0 and Sm^^ (4/^) 
do not fully satisfy this criterion. This idea is better considered as a mnenonic 
than as an explanation. 

Because ligand field stabilization energies are very small for the Ln^"^ ions, the 
thermodynamic properties of their compounds as well as their electrode potentials 
can be fairly accurately correlated by equations based solely on the electrostatic 
consequences of charge and size. 
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indusnv with countless uses.- Mixed wi.H sand it harden^ as mortar and plaster by taking up carbon dioxide from the;a.r.Ca^c.u,n.ftom:lunesto^^ 
^2£uiWrit in Ponland cemeht.^The -solubili 

was?^QSd'byTHWon;S.r5t:Ghi6irsb,.an^^^ 
Se?ScycIotrtn.Calif6rriiummi).isthVonIyion 



follbwed by 

0 - ••f T,-:r- 



Bk(a;Y)^''"Bk^^°;Gf'ahd ; 



bv 



»Gf(n;7HiGf(n,Y^'^3Gf.^-; 



its;;, ..•.J.-fsi-^"- :(;L-i-.ft 

r,./:i, >. ■ 



ThP PvUience Of the isoioDCS ^^^-Cf-^f; "'Cffand 252Cf makes it feasible to isolate californium inweigHabie-amounts'so that'=its.propehies-c& be. 

SSen,sbidlogicarhaz^as?.P^o^^^^^ 
SScS^^Hfomium-oxy^ 

SohWistuWgiandinw^^^^ 
KSS^rmeiaAuchalgoldofsiWerfe 

ata p&sire of fO;3"illP^a,id (gfaphiterdi^ 
S^d3T5.63-53(dependingonvarie,y)igemdiamond3;5B 

dSS^SuStlfou^diab^^^^^ 

*5u^S"o"en,ete6«.es.N 

LS'r^Dkondsareno^alsote^^^^ 

SSSowm^adesymhetic^ny-Theenergyofthesun and stars ca^ 

S;S^a;uSi;uhr^e>^lo4picfbrmS^^^ 

Graphite is one of the softest knSwn materials while diamond is one W 

SiS^«ies:excei,Tf6rtheircrystals.™^^^^ 

S^hLLlyn heticLerials contaiaonty^ 

M fonti reVeiis to the alpha on heating i 

?ap1etZpre?sares;UnWee-vk^^ 

Lai planes of graphite'. The iit.eiplanar spacings of " white" cSiton aie idehtical to those of cartX>n fom. nl,ted m '^^ gn>Ph'"c gne.s from h^^^^ 
(SeoSc eraiei^of Germ^ ^^hite'' carbon is a tmrisp^lrdrif bifefringent material. Little information .s-presently.aya.lable.about thts allonope^ 

LcSSiSLborii^fo^^^^^^^ 

masses in the form of carbonates of calcium (limestone), magnesium, and iron..Coal, petroleum, and natural gas'.r. ^'^-"y^'y^^t^"^;^^^^^ 
unique among the elements in .i,Vvastn'um'bef.^d variety of compounds i. can form. With hydro 

a ver; large number of compound^, carbon itom often being liAked to carbon atom. There are close to ten million known carbon compounds, many 
hraSlof'SaS'k^^ 
S.Se^.laceofcart^ninl6^^^^^^^ 

atbL'Theatm6sphereofMafsc6mains96;2%-CO^ Some of the mostimpohant compound 

?0) Si^Ide-(CS,);.chloroYorm 
,hv;2o?(?H,OHlacec^«;id(eH 

SemiSSSr^^^^^^^^ 

tb'date-suc-h mmeriai^as wood, afcheological speciffiehs-etc. Carbon-^ 

Cei^ium - (named for tfeaster6idC.F.., which was discovered in 1801 only 2 years before the element) Ce; at.- wt..l40.1 "0. 58 mj^ 
799«C b p 3424°C'sp gr:--6:770(25°C); valence 3 or4. Distovered \n 1803 by Klaproth and by Berzelius and H.smger, metal prepared by H.llebrand 
iSN;;nmin-1875:(Silumi-^the.m6s,'ab«n^^^^^ 

SSi^ oS ite found oh the beaches of Travancore/lndia/in river sands-in Brazil, and deposits of allanUe m the^estem .Umted States and 
i^Southem California will'sJppiy berium. thorium, and th,^^other rate-earth metals..foi- many years to come. Meta hc.cenum.,s prepared 
ySlo;h^SSSL.ec^^ 

halides. The metallothennlc technique is used to produce high-purity cerium. Cenum .s especially mterestmg because of.its variable electronic 



4-7 



THE ELEMENTS (continued) 



me manufacture of pyrophoric alloys for cigarelle lighters etc Whii<. . component of misch metal, which is extensively u^d in 
.hor,umwhichisradioactive.TT,eoxideisa„im^?rro;sL^^^^^ 

The deposits are estimated to contain 300,000 tons of pollucite a^e^r/^nt « « Bemic Lake Manitobl 

cniorine->(Gr. greenish yellow), CI; at. wi 35 4597. ^ .7 

1.77 volumes. Chlorine is widely used in making many evet^daTor^ul h "^^"'^ 3. 10 volumes of chlorine at 30»C on v 

Chromium - (Gr. chroma, color) Cr at wt 5 1 Qgfi i • 

ar 8 972nor^ from the German, goblin or evil spirit, rotofo, Greek mfn^/ r . « . ^ P™P^' safeguards. 

gr. 8.9 (20 C); valence 2 or 3. Discovered by Brandt about 1735 Cn^u 58.93320; at. no. 27: m.p. 1495»0 b d 2927°r- <n 
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to 0.05 mg/m-^ (8-hour time-weighted average, 40-hour week). . ^ 

copper (99.999 + %)UavanabIecomme^^^^^ , 345 ±40X; sp.gr. ,3.51 (calc); valence 3 and 4. Although curium follows 

Deuterium, an isotope of hydrogen — see Hydrogen. valence 3. 

Xvinp with special stainless steels A dysprosium oxide-nickel cermet has found use ,n cooling nuclear reactor rods. This cermet ateorbs neutrons 
:« m«i.;na la^er materials DvsDrosium-cadmium chalcogenides, as sources of infrared radiation, have been used for stuaying cnciiin.di 

i«io?rco'::^fd;sp^^^^^^^ 

7erv7hio randcoT^^^^^^ Berkeley in December 1952 indebrisfrom the f.tst large thermonuclear explosion, wh.ch took place .n 
was.dem,f.edbyGhmrsoandc^^^^^^ 

thePactficmNovember 19 2.The,sotop^^ as y p ^agneticype balance was used in making thts 

T^:!:Zl -Brprl~as used fo p^ ceTende Jum (Elemem lOo' Abou't 3 pg of einsteinium has been produced a. Oak R.dge 
SZ itol by'^^^^^^^ 
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the existence of Element 109 by four independent measurements. The newly formed atom recoiled from the target at a predicted velocity and was 
separated from smaller, faster nuclei by a newly developed velocity filter. The time of flight to the detector and the striking energy were measured 
and found to match predicted values. The nucleus of ^^^x started to decay 5 ms after striking the detector. A high-energy a particle was emitted, 
producing ^%^X. This in turn emitted an a particle, becoming ^f§5Ha, which in turn captured an electron and became ^^l^Rf. This in turn decayed 
into other nuclides. This experiment demonstrated the feasibility of using fusion techniques as a method of making new, heavy nuclei. 

Element 110 (ununnilium) — In 1987 it was reported that Organessian, et ah, in Russia claimed discovery of Element 1 10 (UUN). Their 
experiments indicated a spontaneous fissioning nuclide with an atomic number of 110, a mass of 272, and a half-life of 10 ms. 

Erbium — {Ytterhy, a town in Sweden), Er; at, wt. 167.26; at. no. 68; m.p. 1529°C; b.p. 2862X; sp. gr. 9.066 (25?C); valence 3, Erbium, one of ' 
the so-called rare-eanh elements of the lanthanide series, is found in the minerals mentioned under dysprosium above. In 1842 Mosander separated 
"yttria," found in the mineral gadoUnite, into three fractions which he called yttria, erhia, and terhia. The names erhia and terbia became confused 
in this early'period. After 1860, Mosander's terhia was known as erbia, and after 1 877, the earlier known erbia became terbia. The erbia of this period 
was later shown toconsist of five oxides, now known as erbia, scandia, holmia, thuUa andytierbia. By 1 905 Urbain and James independently succeeded 
in isolating fairly pure ErjOjt- Klemm and Bommer first produced reasonably pure erbium metal in 1934 by reducing the anhydrous ckloride with 
potassium vapor. The pure metal is soft and malleable and has a bright, silvery, metallic luster. As with other rare-eanh metals, its properties depend 
to a certain extent on the impurities present. The metal is fairly stable in air and does not oxidize as rapidly as some of the other rare-earth metals. 
Naturally occurring erbium is a mixture of six isotopes, all of which are stable. Nine radioactive isotopes of erbium are also recognized. Recent 
production techniques, using ion-exchange reactions, have resulted in much lower prices of the rare-earth metals and their compounds in recent years. 
The cost of 99+% erbium metal is about $650/kg. Erbium is finding nuclear and metallurgical uses. Added to vanadium, for example, erbium lowers 
the hardness and improves workability. Most of the rare-earth oxides have sharp absorption bands in the visible, ultraviolet, and near infrared. This 
property, associated with the electronic structure, gives beautiful pastel colors to many of the rare-earth salts. Erbium oxide gives a pink color and has 
been used as a colorant in glasses and porcelain enamel glazes. 

Europium — (Europe), Eu; at. wt. 1 5 1 .965; at. no. 63; m.p. 822°C; b.p. 1 596*^0; sp. gr. 5.244 (25**C); valence 2 or 3. In 1 890 Boisbaudran obtained 
basic fractions from samarium-gadolinium concentrates which had spark spectral lines not accounted for by samarium or gadolinium. These lines 
subsequently have been shown to belong to europium. The discovery of europium is generally credited to Demarcay, who separated the rare earth in 
reasonably pure form in 1901 . The pure metal was not isolated until recent years. Europium is now prepared by mixing EU2O3 with a 10%-excess of 
lanthanum metal and healing the mixture in a tantalum crucible under high vacuum. The element is collected as a silvery-white metallic deposit on 
the walls of the crucible. As with other rare-earth metals, except for lanthanum, europium ignites in air at about 150 to ISO^'C. Europium is about as 
hard as lead and is quite ductile. It is the most reactive of the rare-earth meials, quickly oxidizing in air. It resembles calcium in its reaction with water. 
Basmasite and monazite are the principal ores containing europium. Europium has been identified spectroscopically in the sun and certain stars. 
Seventeen isotopes are now recognized. Europium isotopes are good neutron absorbers and are being studied for use in nuclear control applications. 
Europium oxide is now widely used as a phosphor activator and europium-activated yttrium vanadate is in commercial use as the red phosphor in color 
TV tubes. Europium-doped plastic has been used as a laser material. With the development of ion-exchange techniques and special processes, the cost 
of the metal has been greatly reduced in recent years. Europium is one of the rarest and most costly of the rare-earth metals. It is priced at about $7500/ 
kg. 

Fermium — (Enrico Fermi), Fm; at. wt. (257); at. no, 100. Fermium, the eighth transuranium element of the actinide series to be discovered, was 
identified by Ghiorso and co-workers in 1 952 in the debris from a thermonuclear explosion in the Pacific in work involving the University of California 
Radiation Laboratory, the Argonne National Laboratory, and the Los Alamos Scientific Laboratory. The isotope produced was the 20-hour ^^spm. 
During 1953 and early 1954, while discovery of elements 99 and 100 was withheld from publication for security reasons, a group from the Nobel 
Institute of Physics in Stockholm bombarded ^^^\J with '^O ions, and isolated a 30-min a-emitter, which they ascribed to -ojoo, without claiming 
discovery of the element. This isotope has since been identified positively, and the 30-min half-life confirmed. The chemical properties of fermium 
have been studiedsolely with tracer amounts, and in normal aqueous media only the (111) oxidation state appears to exist. The isotope ^^^Fm and heavier 
isotopes can be produced by intense neutron irradiation of lower elements such as pluionium by a process of successive neutron capture interspersed 
with beta decays until these mass numbers and atomic numbers are reached. Sixteen isotopes of fermium are known to exist. ^-"Fm, with a half-life 
of about 1 00.5 days, is the longest lived. ^s^Fm, with a half-life of 30 min, has been shown to be a product of decay of Element -^^ 1 02. It was by chemical 
identification of -■''"Fm that production of Element 102 (nobelium) was confirmed. 

Fluorine — (L. and F.fluere, flow, or flux), F; at. wt. 18.9984032; at. no. 9; m.p. -219.62°C (1 atm): b.p. -188.1 2°C (1 atm); density 1.696 g/ 
L (0°C, 1 atm); liq. den. at b.p. 1.50 $/cm^: valence 1. In 1529, Georigius Agricola described the use of fluorspar as a flux, and as early as 1670 
Schwandhard found that glass was etched when exposed to fluorspar treated with acid. Scheele and many later investigators, including Davy, Gay- 
Lussac, Lavoisier, andThenard, experimented with hydrofluoric acid, some experiments ending in tragedy. The element was finally isolated in 1886 
by Moisson after nearly 74 years of continuous effort. Fluorine occurs chiefly \nfliwrspar{CaF2) an^l cryolite (Na^AIF^), but is rather widely distributed 
in other minerals. It is a member of the halogen family of elements, and is obtained by electrolyzing a solution of potassium hydrogen fluoride in 
anhydrous hydrogen fluoride in a vessel of metal or transparent fluorspar. Modem commercial production methods are essentially variations on the 
procedures first used by Moisson. Fluorine is the most electronegative and reactive of all elements. It is a pale yellow, corrosive gas, which reacts with 
practically all organic and inorganic substances. Finely divided metals, glass, ceramics, carbon, and even water bum in fluorine with a bright flame. 
Until World War II, there was no commercial production of elemental fluorine. The atom bomb project and nuclearenergy applications, however, made 
it necessary to produce large quantities. Safe handling techniques have now been developed and it is possible at present to transport liquid fluorine 
by the ton. Fluorine and its compounds are used in producing uranium (from the hexafluoride) and more than 100 commercial fluorochemicals, 
including many well-known high-temperature plastics. Hydrofluoric acid is extensively used for etching the glass of light bulbs, etc. Fluorochloro 
hydrocarbons are extensively used in air conditioning and refrigeration. It has been suggested that fluorine can be substituted for hydrogen wherever 
it occurs in organic compounds, which could lead to an astronomical number of new fluorine compounds. The presence of fluorine as a soluble fluoride 
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h^ittc^^rsS*: r -"^'^'^ - ~. 
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odor,de.ec.ableinconcen.raLsaslowas20M^^^^^ 

a daily 8-hour time-weigh.ed exposure is 1 ppm maximum allowable concentration for 
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periodic system. Thirty-three isotopes of francium a frlZed "^^^^^^^ ' " "^'"^ 
istheonly-sotopeoffranciumoccu^ingirna rs^^^^^^^^^^^^ 

of this element comes from radiochemiLl S.uerNo ^tJe^ 1^^^ unstable .cnow.edge of the chemical propenies 

of francium most closely resemble cesium. ' P'^P^'^'' °' chemical properties 



•he element from Mosander's "yttria" in 1 886. The element was named for the li^Zf ^ r / ^ ^ Bo.sbaudran independently isolated 
Gado,iniumisfoundinseve..lo,hermineralsJncludin~:a:^^^^^^^ 

only m recent years. With the development of ion-exchanee and .olv^m . , u importance. The element has been isolated 
nm=-eanh metalshave greatly improved. Severe otTS 

the reduction of the anhydrous fluoride with metarc cTum a^^^^^^^^^^^ occur naturally . The metal can be prepared by 

malleable and ductile. At room temperature, gadolinium crvstallL, n?^^ , ' " " "'"^"^ ^''^ ^ '"^ter. and is 

transforms into the |3 form, which has a bod^™; « "P^" "eating to 1235°C , a gadolinium 

fomiation of a loosely adhering oxide film which off nJ^l^^^^ ^ " "J' " the 

in diluteacid. Gadolinium has the hi.he.,. the™, nrZrrrrr^^^^^^ ^^^cts slowly with water and is soluble 

ofsevenisotopes.Twoofthese.'^^dand'"rdhavee3emrare;^^^^^^^^ 
gadolinium has a ve,y fast burnout rate and ha iS u^^^^^^^^^^^^ 

which have microwave applications. Compounds of aado inZ arlTIn T ''^^ 

superconductiveproperties Aslittleas I % gadol ntlast „ Zd o iml^e ,r^'^ "^"^ 
to high temperatures and oxidation. Gadolinium errsulfLVtas^^^^^^^^ 
of ampliners. such as the maser. The metal is frrt^X^^^^^^^^ 

(above which ferromagnetism vanishes) lying just at r«,m lemirZ,^ TOsZtf.S ^ ^ '""^ ^P*""" ^-^Perature 

ofthemeialis$485Ag. '*™'"'* ™""8gests uses as a magnetic component that sen^^ 

sp.g?^^a9!a^Sr^^J.^^^^^^^ 

spec,«^opicallybyUcoqdeL1sbaudraninl875 who ire mey^^^^^^^^^ 

Gallium is often found as a trace element in 

to contain as much as 1 .5% gallium. It is the onlf me a 

makespossibleitsuseinhigh.temperatu,.then.orete« th^^^^ 

temperaturesThereisastrongtendencyforgairmtosunitlt^^^^ 

Ultra-puregalliumhasabeamifuUilverya^ Z e a^^^ 

solidifying; therefore, i. should not be storeSfn 61^;'^* comai^' "Jh T . S'^"" '^''^ '^''P^"^^ 3 '^" °" 

andfon.sabrillian.mi,,orwhenhispaimedongl« SeZe^^^^^^^^^ 
High-purity gallium is attacked only slowly by ^ ne^ Icfds Z " 

commetcial "Uraviolet activated powder phosphor Gamum teS^ ""P""'**^ ^"^^ « """'"g 

alloys with most metals, and has ^enuseLs a cor^pS^^ 

care until more data are fonhcommg. The metal canTe su i d J^^^^^^^^^ t """""^ 

.M=7sL^s=:o?z^^^^^^^^^ 

=mr=-— 

resen,eoftheelememintheyea«to;reSSurca?be^^^^^^^^^^^^ 

tetrachloride may then be hydrolyzed rgivroTo? h^ d ox^e cant rT'uTT °' ^°"«"« """chloride. T^e 

tech„iquespen„i,thepKKluctionofgen.fniumof?i;^^^^^^^^^^^ 

.etainingits luster in air at room temperature 1, is a vefiZrtant JIT^^ 

crystalline germanium for semiconductor use w h an im^u ^y^on Zone-refining techniques have led to production of 

a transistor element in thousands of electronic applica.Zs ts allS^,in^ lO'o. Doped with arseme, gallium, or other elements, i, is used as 
GermaniumisalsofmdingmanyotherappLI ionVinc X^^^^^ 
andgernianiumoxidearelransparemtornLreda^^^^^^^^^ 

.f^...ectors.Oe„„a„iumoxide.shighi„dexofre.«ir:::;SS^^^^^^^ 
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research, as us boiling point is close to absolute zero. Its use in the study of superconductivity is vital. Using liquid helium, Kurti and co-workers and 
others, have succeeded in obtaining temperatures of a few- microkelvins by the adiabatic demagnetization of copper nuclei, starling from about 0 01 
K. Seven isotopes of helium are known. Liquid helium (He^) exists in two forms: He^l and He^Il, with a sharp transition point at 2.174 K (3.83 cm 
Hg). He I (above this temperature) is a normal liquid, but HeTI (below it) is unlike any other known substance. It expands on cooling; its conductivity 
for heat is enormous; and neither its heat conduction nor viscosity obeys normal rules. It has other peculiar properties. Helium is the only liquid that 
cannot be solidified by lowering the temperature. It remains liquid down to absolute zero at ordinary pressures, but it can readily be solidified by 
increasing the pressure. Solid ^He and 'He are unusual in that both can readily be changed in volume by more than 30% by application of pressure 
The specific heat of helium gas is unusually high. The density of helium vapor at the normal boiling point is also very high, with the vapor expanding 
greatly when heated to room temperature. Containers filled with helium gas at 5 to 1 0 K should be treated as though they contained liquid helium due 
to the large increase in pressure resulting from warming the gas to room temperature. While helium normally has a 0 valence, it seems to have a weak 
tendency to combine with certain other elements. Means of preparing helium diflouride have been studied, and species such as HeNe and the molecular 
ions He* and He" have been investigated. Helium is widely used as an inert gas shield for arc welding; as a protective gas in growing silicon and 
germanium crystals, and in titanium and zirconium production; as a cooling medium for nuclear reactors, and as a gas for supersonic wind tunnels 
A mixture of helium and oxygen is used as an artificial atmosphere for divers and others working under pressure. Different ratios of He/0, are used 
for different depths at which the diver is operating. Helium is extensively used for filling balloons as it is a much safer gas than hydrogen. One of the 
recent largest uses for helium has been for pressuring liquid fuel rockets. A Saturn booster such as used on the Apollo lunar missions required about 
1 3 million ft'of helium for a firing, plus more for checkouts. Liquid helium's use in magnetic resonance imaging (MRI) continues to increase as the 
medical profession accepts and develops new uses for the equipment. This equipment is providing accurate diagnoses of problems where exploratory 
surgery has previously been required to determine problems. Another medical application that is being developed uses MRI to determine by blood 
analysis whether a patient has any form of cancer. Lifting gas applications are increasing. Various companies in addition to Goodyear, are now using 
blimps for advertising. The Navy and the Air Force are investigating the use of airships to provide early warning systems to detect low-flying cruise 
missiles. The Drug Enforcement Agency is using radar-equipped blimps to detect drug smugglers along the southern border of the U.S. In addition 
NASA IS cunrenlly using helium-filled balloons to sample the atmosphere in Antarctica to determine what is depleting the ozone layer that protects 
Earth from harmful U.V. radiation. Research on and developmem of materials which become superconductive at temperatures well above the boiling 
pomt of hehum could have a major impact on the demand for helium. Less costly refrigerants having boiling points considerably higher could replace 
the present need to cool such superconductive materials to the boiling point of helium, 

Holmium-(L,//o/m/<j,forStockholm),Ho;at,wt. 164.93032; at, no 67; m,p. 1 472°C; b.p. 269400; sp. gr. 8.795 (25''C); valence + 3 Thespectral 
absorption bands of holmium were noticed in 1 878 by the Swiss chemists Delafontaine and Soret, who announced the existence of an '-Element X" 
Cleve, of Sweden, later independently discovered the element while working on erbia eanh. The element is named after Cleve's native city Pure 
holmia, the yellow ox.de, was prepared by Homberg in 1911. Holmium occurs in gadoliniie, monaziie. and in other rare-earth minerals. It is 
commercially obtained from monazite, occurring in that mineral to the extern of about 0.05%. It has been isolated by the reduction of its anhydrous 
chloride or fiuonde with calcium metal. Pure holmium has a metallic to bright silver luster. It is relatively soft and malleable, and is stable in dry air 
at room temperature, but rapidly oxidizes in moist air and at elevated temperatures. The metal has unusual magnetic properties. Few uses have yet been 
found for the element. The element, as with other rare earths, seems to have a low acute toxic rating. The price of 99 + % holmium metal is about 
$ 1 0/g. 

Hydrogen - (Gr. hydro, water, and genes, forming), H; at. wt. 1 .00794; at. no. I ; m,p. -259,34X; b,p. -252.87»C; density 0.08988 gA- density 
(liquid) 70^8 g^ (-253»C); density (solid) 70.6 g/l (-262°C); valence 1. Hydrogen was prepared many yeare before it was recoenized al a distinct 
substance by Cavendish in 1766. It was named by Lavoisier. Hydrogen is the most abundant of all elements in the universe, and it is thought that the 
heavier elements were, and still are, being built from hydrogen and helium. It has been estimated that hydrogen makes up more than 90% of all the 
atoms or three quaners of the mass of the universe. It is found in the sun and most stars, and plays an imponam pan in the proton-proton reaction and 
carbon-nitrogen cycle, which accounts for the energy of the sun and stars. It is thought that hydrogen is a major component of the planet Jupiter and 
that at some depth in the planet's interior the pressure is so great that solid molecular hydrogen is converted into solid metallic hydrogen In 1 973 it 
was reported that a group of Russian experimenters may have produced metallic hydrogen ai a pressure of 2.8 Mbar. At the transition the density 
changed from 1.08 to 1.3 g/cm'. Eariier, in 1972. a Livermore (California) group also reported on a similar experiment in which they observed a 
pressure-volume point centered at 2 Mbar. It has been predicted that metallic hydrogen may be meiastable; others have predicted it would be a 
superconductor at room temperature. On eanh. hydrogen occurs chiefly in combination with oxygen in water, but it is also present in organic matter 
such as living plants, petroleum, coal, etc. It is present as the free element in the atmosphere, but only to the extent of less than 1 ppm by volume It 
IS the lightest of all gases, and combines with other elements, sometimes explosively, to form compounds. Great quantities of hydrogen are required 
commercially for the fixation of nitrogen from the air in the Haber ammonia process and for the hydrogenation of fats and oils. It is also used in larse 
quantities in methanol production, in hydrodealkylation, hydrocracking, and hydrodesulfurization. It is also used as a rocket fuel, for weldino for 
H of metallic ores, and for filling balloons. The lifting power of I ft'of hydrogen gas is about 0.076 

lb at 0 C. 760 mm pressure. Production of hydrogen in the U.S. alone now amounts to about 3 billion cubic feet per year. It is prepared by the action 

ofsteamon heated carbon, by decompositionofcertainhydrocarbonswithheat,bytheelectrolysisofwater,orbythedisplacemem from acids by certain 
metals. It is also produced by the action of sodium or potassium hydroxide on aluminum. Liquid hydrogen is important in cryogenics and in the studv 
of superconductivity, as its melting point is only a 20 degrees above absolute zero. The ordinary isotope of hydrogen. H, is known as In 1 932 
Urey announced the preparation of a stable isotope, deuterium (^H or D) with an atomic weight of 2. Two yeais later an unstable isotope tritium (H)' 
with an atomic weight of 3 was discovered. Tritium has a half-life of about 1 2.5 years. One atom of deuterium is found in about 6000 orfin^ hydrogen 
atoms. Tritium atoms are also present but in much smaller proportion. Tritium is readily produced in nuclear reactors and is used in the production 
of the hydrogen bomb. It is also used as a radioactive agem in making luminous paints, and as a tracer. The current price of tritium to authorized 
personnel, is about $2/Ci; deuterium gas is readily available, without permit, at about $1/1. Heavy water, deuterium oxide (D,0), which is used as a 
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Carbon steel is an alloy of iron with carbon, with small amounK of Mn, S, P, and Si. Alloy steels are carix.n steels with other additives such as nickel 
chromium, vanadium, etc. Iron is the cheapest and most abundant, useful, and important of all metals. 

Krypton - (Gr. krypios, hidden), Kr; at. wt. 83.80; at. no, 36; m.p. -157.36°C; b.p. -153.22 ±0.10°C; density 3 733 efl (O-CV valence usuallv 
a Discovered in 1898 by Ramsay and Travers in the residue left after liquid air had nearly boiled away. Krypton is present in the a^rto the extent oV 
about I ppm. The atmosphere of Mars has been found to contain 0.3 ppm of krypton. It is one of the "noble" gases. It is characterized by its brilliant 
green and orange spectral Imes. Naturally occurring krypton conuins six stable isotopes. Seventeen other unstable isotopes are now recognized Tlie 
spectral lines of krypton are easily produced and some are very sharp. In 1960 it was internationally agreed that the fundamental unit of length, the 
meter, should be defined in terms of the orange-red spectral line of^Kr. This replaced the standard meter of Paris, which was defined in teiros of a 
bar made of a platinum-.ridium alloy. In October 1983 the meter, which originally was defined as being one ten millionth of a quadrant of the eanh's 
polarcircumferencewasaga^n redefined by the Imeinational Bureau of Weights and Measures as being the length of path traveled by light in a vacuum 
duringat,memtervalofl^W.792.458ofasecond.SoIidkryptonisa^^ 

to all the rare gases . Wh.le krypton is generally thought of as a rare gas that nonnally does not combine with other elements to form compounds, 
It now appears thai the existence of some krypton compounds is established. Krypton dirtuoride has been prepared in gram quantities and can be made 
by several niethods. A higher fluoride of krypton and a salt of an oxyacid of krypton also have been reported. Molecule-ions of ArKr-and KrH*have 
been identified and investigated, and evidence is provided for the fomiation of KrXe or KrXe^ K^on clathrates have been prepared with 
hydroquinone and phenol. «Kr has found recem application in chemical analysis. By imbedding the isotope in various solids, kryptona,es are formed. 

TTieactivityofihesekryptonates is sensitive tochemicalreactionsat the surface.Estimates of theconcentrationofreactants are therefore madepos 
Krypton is used in certain photographic flash lamps for high-speed photography. Uses thus far have been limited because of its high cost Krypton 
gas presently costs about $30/1. e v . jrp on 

Kurchatovlum — see Element 104. 

Lanthanum -(Gr. hmhanein, to lie hidden). La; at. wt. 1 38.9055; at. no. 57; m.p. 920°C; b.p. 3455°C; sp. gr. 6. 145 (25»C); valence 3. Mosander 
in 1 839 extracted a new eanh lamhana, from impure cerium nitrate, and recognized the new elemem. Lanthanum is found in rare-earth minerals such 
as m mo,w2,,e alhnne, and hasmasi.e. Monazite and bastnasite are principal ores in which lanthanum occure in pereemages up to 25 and 38% 
respectively. Misch metal, used in making lighter flints. contains about 25% lanthanum. Lanthanum was isolated in relatively pure foim in 1923 Iron- 
exchange and solvent extraction techniques have led to much easier isolation of the so-called "rare-eanh" elements. TTie availability of lanthanum and 
otherrareeanhshasimprovedgreatly in recemyears. The metal can beproducedbyreducingtheanhydrousnuori 

white, maneable, ductile, and soft enough to be cut with a knife. It is one of the most reactive of the rare-eanh metals. It oxidizes rapidly when exposed 
to air. Co d water anacks lanthanum slowly, and hot water attacks it much more rapidly. The metal reacts directly with elemental carbon, nitrogen, ' 
T'fil o?!"""' ' '"'f*"-- ""d halogens. At 3 10=C, lanthanum changes from a hexagonal to a face-centered cubic structure, 

and at 865 C it again transforms into a body-centered cubic structure. Natural lanthanum is mixture of two stable isotopes "«La and "'La Twenty 
three other radioactive isotopes are recognized. Rare-earth compounds containing lanthanum are extensively used in carbon lighting applications 
especially by the motion picture industry for studio lighting and projection. This application consumes about 25% of the rare-eaith compounds 
produced. Lap, improves the alkali resistance of glass, and is used in making special optical glasses. Small amounts of lanthanum, as an additive 
can be used to produce nodular cast iron. There is current interest in hydrogen sponge alloys containing lanthanum. These alloys lake up to 400 times 
iheir own volume of hydrogen gas, and the process is reversible. Heat energy is released every time they do so; therefore these alloys have possibilities 

inenergy conservation systems.Lanthanumanditscompoundshavealowtomoderateacutetoxicityrating;therefore,c 
tnem. 1 ne metal costs about $5/g. 

Lawrencium-(EmestO.Uwrence, inventorofthecyclotron), Lr; at. no. 103; at. mass no. (262); valence* 3(?). This memberofthe5f transition 
elements (actinide .series) was discovered in March 1961 by A. Ghioi^o. T. Sikkeland. A, E. Larsh, and R. M. LatimerA 3-pg californium target 

consistingofam,xtureofisoiopesofmassnumber249.250,251,and252,wasbombardedwitheither'0BorMB.Theelectricallychargedtransmutati^^ 
nuclei recoiled with an atmo.sphere of helium and were collected on a thin copper conveyor tape which was then moved to place collected atoms in 
front of a .senes of so id-state detecors. The isotope of element 103 produced in this way decayed by emitting an 8.6-MeV alpha particle with a half- 
life ot 8 s Jn 1 967. Flerov and associates of the Dubna Laboratoiy reported their inability to delect an alpha emitter with a half-life of 8 s which was 
assigned by the Berkeley group to -"103. This assignment has been changed to ««Lr or «»Lr. In 1965. the Dubna workers found a longer-lived 
awrencium Lsotope, ^'-^Lr, with a half-life of 35 s. In 1 968. Ghiorso and associates at Berkeley were able to use a few atoms of this isotope lo study 
the oxidation behavior of lawrencium. Using solvent extraction techniques and working very rapidly, they extracted lawrencium ions from a buffered 
aqueous solution into an organic solvent, completing each extraction in about 30 s. It was found that lawrencium behaves differently from dipositive 
nobelium and more like the iripositive elements eariier in the actinide series. 

Lead- (Anglo-Saxon /forf),Pb(L.p/M«,<,«m); at. wi. 207.2; at. no. 82; m.p. 327.46°C;b.p. I749°C; sp. gr. 1 1.35 (20»C); valence 2or4 Long 
known, mentioned in Exodus. The alchemists believed lead lo be the oldest metal and associated it with the planet Saturn. Native leadoccurs in nature 
but 1. IS rare. Lead is obtained chiefly from galena (PbS) by a roasting process. Anglesire (PbSO,), cerussiie (PbCO,). and — (Pb,04) are other 
common lead minerals. Lead is a bluish-white metal of bright luster, is very soft, highly malleable, ductile, and a poor conductor of eleclricity It is 
veiy resistant to corro.s.on; lead pipes bearing the insignia of Roman emperors, used as drains from the baths, are still in service. It is used in containers 
for corrosive liquids (such as sulfuric acid) and may be toughened by the addition of a small petcentage of antimony or other metals. Natural lead is 
a mixture of four stab e isotopes; 2<«Pb (1.48%), ^Pb (23.6%), ='"Pb (22.6%), and ^"'Pb (52.3%). Lead isotopes are the end products of each of the 
three series of naturally occurring radioactive elements: 2*Pb for the uranium series, ^"^Pb for the actinium series, and ^o^Pb for the thorium series 
Twenty seven other isotopes of lead, all of which are radioactive, are recognized. Its alloys include solder, type metal, and various antifriction metals' 
Great quantities of lead, both as the metal and as the dioxide, are used in storage baueries. Much metal also goes into cable covering, plumbing 
ammunition, and ,n the manufacture of lead tetraethyl. The metal is very effective as a sound absort«r, is used as a radiation shield around X-ray 
equ.pmentandnuclearreactors,andisusedtoabsorbvibration. White lead.the basic carbonate, sublimed white lead (PbS04)chromeyellow(PbCi04^ 
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THE ELEMENTS (continued) 

red lead (Pb304), and other lead compounds are used extensively in paints, although in recent years the use of lead in palms has been drastically curtailed 
to eliminate or reduce health hazards. Lead oxide is used in producing fine "crystal glass" and "flint glass" of a high index of refraction for achromatic 
lenses. The nitrate and the acetate are soluble salts. Lead salts such as lead arsenate have been used as insecticides, but their use in recent years has 
been practically el iminaied in favor of less harmful organic compounds. Care must be used in handling lead as it is acumulative poison. Environmental 
concern with lead poisoning has resulted in a national program to eliminate the lead in gasoline. 

Lithium — (Gr. lithos, stone), Li; at. wt. 6.941; at. no. 3; m.p. 180.5°C; b.p. 1342*'C; sp. gr. 0.534 {20°C); valence L Discovered by Arfvedson 
in i 8 1 7. Lithium is the lightest of all metals, with a density only about half that of water. It does not occur free in nature; combined it is found in small 
amounts in nearly all igneous rocks and in the waters of many mineral springs. Lepidolire, spodiimene.petalite, and amblygonite are the more imponant 
minerals containing it. Lithium is presently being recovered from brines of Searles Lake, in California, and from those in Nevada. Large deposits of 
spodumene are found in North Carolina. The metal is produced electrolytically from the fused chloride. Lithium is silvery in appearance, much like 
Na and K, other members of the alkali metal series. It reacts with water, but not as vigorously as sodium. Lithium imparts a beautiful crimson color 
to a flame, but when the metal bums strongly the flame is a dazzling white. Since World War II, the production of lithium metal and its compounds 
has increased greatly. Because the metal has the highest specific heat of any solid element, it has found use in heat transfer applications; however, it 
is conosive and requires special handling. The metal has been used as an alloying agent, is of interest in synthesis of organic compounds, and has nuclear 
applications. It ranks as a leading contender as a battery anode material as it has a high electrochemical potential. Lithium is used in special glasses 
and ceramics. The glass for the 200-inch telescope at Mt. Palomar contains lithium as a minor ingredient. Lithium chloride is one of the most 
hygroscopic materials known, and it, as well as lithium bromide, is used in air conditioning and industrial drying systems. Lithium stearate is used 
as an all-purpose and high-temperature lubricant. Other lithium compounds are used in dry cells and storage batteries. The metal is priced at about 
$100/lb. 

Lutetium — (Lutetia, ancient name for Paris, sometimes called cassiopeium by the Germans), Lu; at. wi. 174.967; at. no. 71; m.p. I663**C; b.p. 
3393°C; sp. gr. 9.841 (25°C); valence 3. In 1907, Urbain described a process by which Marignac's ytterbium (1879) could be separated into the two 
elements, ytterbium (neoytterbium)and lutetium. These elements were identical with "aldebaranium" and "cassiopeium," independently discovered 
by von Welsbach about the same time. Charles James of the University of New Hampshire also independently prepared the very pure oxide, luiecia, 
at this time. The spelling of the element was changed from haevium to lutetium in 1 949. Lutetium occurs in very small amounts in nearly all minerals 
containing yttrium, and is present in monazite to the extent of about 0.003%, which is a commercial source. The pure metal has been isolated only in 
recent years and is one of the most difficult to prepare. It can be prepared by the reduction of anhydrous LuClj or LuFjby an alkali or alkaline earth 
metal. The meia! is silveiy while and relatively stable in air. While new techniques, including ion-exchange reactions, have been developed to separate 
ihe various rare-earth elements, lutetium is still the most costly of all rare earths. It is priced at about $75/g. '^^Lu occurs naturally (2.6%) with '"Lu 
(97.4%). It is radioactive with a half-life of about 3 x 10'^ years. Stable lutetium nuclides, which emit pure beta radiation after thermal neutron 
activation, can be used as catalysts in cracking, alkylation, hydrogenation, and polymerization. Virtually no other commercial uses have been found 
yet for lutetium. While lutetium, like other rare-earth metals, is thought to have a low toxicity rating, it should be handled with care until more 
information is available. 

Magnesium — (Magnesia, district in Thessaly) Mg; at. wt. 24.3050; at. no. 12; m.p. 650°C: b.p. 1090°C; sp, gr. 1.738 (20°C); valence 2. 
Compounds of magnesium have long been known. Black recognized magnesium as an element in 1 755. It was isolated by Davy in 1 808, and prepared 
in coherent form by Bussy in 1 83 1 . Magnesium is the eighth most abundant element in the earth's crust. It does not occur uncombined, but is found 
in large deposils in the form ofmagnesiie, dolomite, and other minerals. The metal is now principally obtained in the U.S. by electrolysis of fused 
magnesium chloride derived from brines, wells, and sea water. Magnesium is a light, silvery-white, and fairly lough metal. It tarnishes slightly in air, 
and finely divided magnesium readily ignites upon heating in air and bums with a dazzling white flame. It is used in flashlight photography, flares, 
and pyrotechnics, including incendiary bombs. It is one third lighter than aluminium, and in alloys is essential for airplane and missile contruction. 
The metal improves the mechanical, fabrication, and welding characteristics of aluminum when used as an alloying agent. Magnesium is used in 
producing nodular graphite in cast iron,and is used as an additive to conventional propellants. It is also used as a reducing agent in the production of 
pure uranium and other metals from their salts. The hydroxide {milk of magnesia), chloride, sulfate {Epsom salts), and citrate are used in medicine. 
Dead-bumed magnesite is employed for refractory purposes such as brick and liners in furnaces and converters. Organic magnesium compounds 
(Grignard's reagents) are important. Magnesium is an important element in both plant and animal life. Chlorophylls are magnesium-centered 
poiphyrins. The adult daily requirement of magnesium is about 300 mg/day, but this is affected by various factors. Great care should be taken in 
handling magnesium metal, especially in the finely divided state, as serious fires can occur. Water should not be used on burning magnesium or on 
magnesium fires. 

Manganese — (L. magnes, magnet, from magnetic properties of pyrolusite; It. manganese, corrupt form of magnesia), Mn; at. wt. 54.93805; at, 
no. 25; m.p. 1 246 ± 3''C; b.p. 206 1 °C; sp. gr. 7.2 1 to 7.44. depending on alloiropic form; valence 1,2,3, 4, 6, or 7. Recognized by Scheele, Bergman, 
and others as an elemeni and isolated by Gahn in 1774 by reduction of the dioxide with carbon. Manganese minerals are widely distributed; oxides, 
silicates, and carbonates are the most common. The discovery of large quantities of manganese nodules on the floor of the oceans holds promise as 
a source of manganese. These nodules contain about 24% manganese together with many other elements in lesser abundance. Most manganese today 
is obtained from ores found in the U.S.S.R., Brazil, Australia, Republic of So. Africa, Gabon, and India. /'yro///^^^^^ 

are among the most common manganese minerals. The metal is obtained by reduction of the oxide with sodium, magnesium, aluminum, or by 
electrolysis. It is gray-white, resembling iron, but is harder and very brittle. The metal is reactive chemically, and decomposes cold water slowly. 
Manganese is used to form many important alloys. In steel, manganese improves the rolling and forging qualities, strength, toughness, stiffness, wear 
resistance, hardness, and hardenability. With aluminum and antimony, especially with small amounts of copper, it forms highly ferromagnetic alloys. 
Mangane.se metal is ferromagnetic only after special treatment. The pure metal exists in four alloiropic forms. The alpha form is stable at ordinary 
temperature; gamma manganese, which changes to alpha at ordinary temperatures, is said to be flexible, soft, easily cut, and capable of being bent. 
The dioxide (pyrolusite) is used as a depolarizer in dry cells, and is used to "decolorize" glass that is colored green by impurities of iron. Manganese 
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by itself colors glass an amethyst color, and is responsible for the.color of true amethyst. The dioxide is also used in the preparation of oxygen and 
chlorine, and in drying black paints. The permanganate is a powerful oxidizing agent and is'used in quahtitStive analysis and in inediciiie -Maiiganese 
IS widely distributed throughout the animal kingdom.,It is an important trace element and may be essential for utilization of vitamin B, Exposure to 
manganese dusts.fume.and compounds (as Mn) should not exceed the ceiling value of 5 mg/m'forevefi shbrt periods"be6auSe of the toxicity of the 
element. i" .- i „- . , ■. i; ,, . : ■ ■ 

Mendelevium -(Dmitri Mendeleev), Md; at. wt. (258); at. no..l01; valence +2, +3. Mendelevium, the ninth transuranium element of the actinide 
senes.tabe.discpvered, was. first identified by Ghiorso, Harvey, Choppih; Thompson, and Seaborg early 4n 1955 as a result of the bombardment of 
the isotope ^"Es with helium, ions in the Berkeley 60-inch cyclotron. The isotope produced was 256Md, which has a half-life of 76 min This first, 
identification was notable in that ^^^Md was synthesized on a one-atom-at-a-time basis. Fourteen isotopes are now recognized • 258Md has a half-life' 
of 2 months. This isotope has been .produced by the bombardment ofan.isotope of einsteinium with ions of helium. It now appears pbssible that 
eventually enough 25«Md can be made so that some of its physical pro 

propenies of mendelevium in aqueous solution.iExperiments seem to show that the element possesses a moderateiy stable dii^sitive (II) oxidation 
state in additipn.to thejnpositive (m) oxidation 'state,whi • . ^ v 

Mercury — (Planet Mercury), Hg {hydrargyrum, liquid silver); at. wt. 200.59; at. no. 80; m.p. -38.83°C; b.p. 356.73°C ' sp ' gr 1 3;'546 (20°C)- 
valence J or 2, Known to anciem Chinese and Hindus; found in Egyptian tombs of 15(X) B.C. Mercury is the only common liietal liqdidat ordinary 
temperatures. It only.rarely occurs free in nature. The chief ore is cinnabar (HgS). Spain and Italy produce about 50% of the world's supply of the 
metal. The commercial unit for handling mercury is-the "fiask," which weighs 76 lb. The metal is obtained by heating cirihabafiii a cunintofaif and 
by condensing the vapor. It is a heavy, silvery-white metal; a rather poor conductor of heat, as compared" with other metals, and a fair conductor of 
electricity. It easily fonns alloys witii many metals, such as gold, silver, and tin, which are called flm^^^^^^ 

use of in the recovery of gold from its ores. The metal is widely used in laboratory work for making thermometers, barometers, diffusion pumps and 
many other instruments. It is used in making. mercury-vapor lamps and advertising signs, etc! and is used in mercury switches and other electrical 
apparatus. Other uses are in making pesticides, mercury cells for caustic soda and chlorine production, dental preparations, antifouling paint batteries 
and catalysts. The most imponant salts are mercuric chloride HgCls (corrosive sublimate - a violent poison), mercurous chloride Hg^ClsCcalbmel' 
occasionally stilKiised in medicine), mercury fulminate (Hg(0NC)2), a detonator widely used in explosive's, and mercuric sulfide (HgS vermillion' 
a high-grade paint pigment). Organic mercury compounds are important. It has been found that an electrical discharge causes mercury vapor to combine 
with neon, argon, krypton, and xenon. These products, held together with van der.Waals' forces, correspond to HgNe, HgAr, HgKr and HgXe Mercury 
is a virulent poison .and.is readily absorbed through the respiratory tract, the gastrointestinal tract, or through unbroken'skin. It acts as'd cumulative 
poison and dangerous Jevels are readily attained in air. Air saturated with mercury vapor at 20°C contains a coriceiitration that e^iceeds the toxic limit 
many times. The danger increases at higher temperatures. It is therefore important that mercmy be handled with c^^re: Contaihers of mercury should 
be securely.covered and spillage should be avoided. If it is necessary to heat mercury or mercury compounds, it should Be done in a well-ventilated 
hood. Methyl mercury is a dangerous pollutant and is now widely found in water and streams. The triple point of mercury, -38 8344°C is a fixed point 
on the International Temperature Scale (ITS-90). ' 

Molybdenum — (Gr. molybdosi lead). Mo; at. wt. 95.94; at. no. 42; m.p. 2623°C; b.p. 463'9°C; sp. gr. 1 0.22 (20°C); valence 2 3 4-? 5? or 6 
Before Scheele recognized molybdenite as a distinct ore of a new element in 1 778, it was confused with graphite and lead ore. The metal was prepared 
in an impure form in 1 782 by Hjelm. Molybdenum does not occur native, but is obtained principally from molybdenite (MoSj). Wuifenite (PbMo04) 
and Powelhte (Ca(MoW)04) are also minorcommercial ores. Molybdenum is also recovered asa by-productofcopperand tungsten mining operations 
The metal is prepared from the povyder made by the hydrogen reduction of purified molybdic trioxide or ammonium molybdate. The metal is silvery 
white, very hard, but issofterandmoreductilethantungsten.Ithasahighelastic modulus, andonly tungsten andtanta 

metals, have higher melting points. It is a valuable alloying agent, as it contributes to the hardenability and toughness of quenched and tempered steels 
It also improves the strength of steel ai high temperatures. It is used in certain nickel-based alloys; such as the "Hastelloys®" which are heai-resistani 
and corrosion-resistant to chemical solutions. Molybdenum oxidizes at elevated temperatures. The metal has found recent application as electrodes 
for electrically heated glass furnaces and foreheaths. The metal is also used in nuclear energy applications and for missile and aircraft parts. 
Molybdenumisvaluableasacatalyst in the refiningofpetroleum.Ithasfoundapplicaiionasafilamem material inelect^^^ 

Molybdenum is an essential trace element in plant nutrition. Some lands are barren for lack of this element in the soil. Molybdenum sulfide is useful 
1" n"''v!:f '""^ ^'^^ temperatures where oils would decompose. Almost all ultra-high'sin;ngth steels with minimum yield points up to 
300,000 psi(lb/in.Ocontain,molybdenum in amounts from 0.25 to 8%. : F 

Neodymium — (Gr. neos, new, and didymos, twin), Nd; at. wt. 144.24; at. no. 60; m.p. 1016°C; b.p. 3066*'C; sp. gr. 7.008 (25°C)- valence 3 In 
1841, Mosander, extracted from cerite a new rose-colored oxide, which he believed contained a new element. He named the c\tmcm didymium as 
It was an inseparable twin brother of lanthanum.. In 1885 von Welsbach separated didymium imo two new elemental components, ncodymiaand 
praseodymia, by repealed fractionation of ammonium didymium nitrate. While the free metal is in misch metal, long known and used as a pyrophoric 
alloy for light fimts, the element was not isolated in relatively pure form until 1925. Neodymium is present in misch metal to the extent of about 1 8% 
It IS present m the minerals monazite and hastnasiie, which are principal sources of rare-earth metals. The elemem may be obtained by separating 
neodymium salts from other rare earths by ion-exchange or solvent extraction techniques, and by reducing anhydrous halides such as NdF, with calcium' 
metal. Other separation techniques are possible. The metal has a bright silvery metallic luster, Neodymium is one of the more reactive rare-earth metals 
and quickly tamishes in air, forming an oxide that spalls off andexposes metal to oxidation. The metal. iherefore; should be kept under light mineral 
oil or sealed in a plastic material. Neodymium exists in two allotropic forms, with a transformation from a double hexagonal to a body-centered cubic 
structure taking place at 863*»C. Natural neodymium is a mixture of seven stable isotopes. Fourteen other radioactive isotopes are recognized 
Didymium,ofwhich neodymium isacomponent,isusedforcoloringglasstomakewelder'sgoggles.Byitself,neod 

ranging from pure violet through wine-red and wann gray. Light transmitted through such glass shows unusually sharp absorption bands The alass 
has been used in astronomical work to produce sharp bands by which spectral lines may be calibrated. Glass containing neodymium can be used as 
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a laser material to produce coherent^light. Neodymium salts are also used as a colorant for enamels. Hie price of the metal is about $l/g. Neodymium 
has a low-to-moderate acute toxic rating. As with other rare earths, neodymium should be handled with care. - . • " , . 

Neon-(Gr neos new), Ne; at. Wt. 20.1797; at. «o. 10;m.p.-248.59X:b.p.-246.08»C(l atm); density of gas 0:89990 g/lK I atm, OX); densuy 
of liquid at b p 1 207 g/cm^; valence 0. Discovered by Ramsay ahdTravers in 1898. Neon is a rare gaseous element present in the atmosphere to the 
extent of lpartin65,000ofair.Itisobtainedbyliquefactionof air andseparatedfromtheothergasesby fractional distiUation.Nat^^^ 
of three isotopes. Six other unstable isotopes are known. It is very inert element;- however, it is saidio form a compound with fluorine. It is still 
questionable if true compounds of neon exist, but evidence is mounting in favor of their existence. The following ions are known from opticaland 
mass spectrometric studies: Ne* (NeAr)*, (NeH)-, and (HeNe*). Neon also forms an unstable hydrate. In a vacuum discharge tube, neon glows reddish 
oranoe Of all the rare gases, the discharge of neon is the most intense at ordinary voltages and currents. Neon is used in makmg the common neon 
advenisingsigi«,whichaccountsforits largest use.ltisalsousedtomakehigh-voltageindicators.lightningarTestors, wave metertubes,andTVtute^ 

Neon and helium are used in making gas lasers. Liquid neon is now commercially available and is finding importam iippl.cat.on as an economical 
cryogenic refriger<.nt. It has over 40 times more refrigerating capacity per unit volume than liquid helium and more than times that of liquid 
hydrogen. It is compact, inert, and is less expensive than helium when it meets refrigeration requirements. Neon costs about $Z00/1. 

Neptunium-(PlanetNep,u..),Np;at.w,:(237);a,.no.93;m.p.644°C;b.p.3902X(est.);sp.gr.20.25(2^^^^^^ 
was the first synthetic transuranium elemem of the actinide series discovered; the isotope "«Np was produced by McM.l an aiid Alison in 19^ a 
Berkeley California; as the result of bombarding uranium with cyclotron-produced neutrons. The isotope 23'Np (half-life of 2.14 x 10 years) s 
currently obtained in gram quantities as a by-product from nuclear reactors in the production of plutonium. Trace quantities of the element are actually 
found in nature due to transmutation reactions in unmium ores produced by the neutrons which are present. Neptunium is prepared by the reduction 
of NpFvwith barium or lithium vapor at about 1200»C. Neptunium metal has a silvery appearance, is chemically reactive, and exists m a, least three 
structural modifications: a-neptunium, orthorhombic, density 20.25 g/cm'. P-neptunium (above 280»C).' tetragonal^ density (3 3 C) 19.36 g/cm y- 
neptunium (above 577X), cubic, density (600?C) 1 8.0 g/cm'. Neptunium has four ionic oxidation States in solution: Np*» (pale purple)* analogous 
to the rare earth ion Pm^^ Np^ (yellow green); NpO-(green blue); and NpO« (pale pink). These latter oxygenated species are in contrast to the rare 
earths which exhibit only simple ions of the (II), (111), and (IV) oxidation states in aqueous solution. The element forms trn and tetraha^ides such as 
NdF, NoF^ NpCL NpBr, Npl,, and oxides of various compositions such as are found in the uranium-oxygen system, including NpjOs and NpU,. 
Fifteen isotopes of neptunium are now recognized. The O.R.N.L. has ^"Np available for sale to its licensees and for exjwrt: This isotope can be used 
as a componem in neutron detection insuvments. It is offered at a price of $280/g. , ««o k ooi tor- 

Nickel — (Ger Nickel. Satan or Old Nick's and fiom kupfernickel, Old Nick's copper), Ni; at. wt. 58.6934; at. no. 28; m.p. 1455 C; b.p. 291 3 C, 
sp er 8 902(25»C)-valence0. l.2.3.Discoven5dbyCronstedtin 1751 in kupfemickel(mcco/w). Nickel is found as a constituemm most meteorites 
and often serves as one of the criteria for distinguishing a meteorite from other minerals. Iron meteorites, or siderites, may contain iron alloyed with 
from 5 to nearly 20% nickel. Nickel is obtained commercially from pentlandite and wrrAottreof the Sudbuiy region of Ontario, a dismct that produces 
about 30% of the nickel for the Free World. Other deposits are found in New Caledonia, Australia, Cuba, Indonesia, and elsewhere. Nickel is silvery 
white and takes on a high polish. It is hard, malleable, ductile, somewhat ferromagnetic, and a fair conductor of heat and electncity. It belongs to the 
itDn-cobaU group of metals and is chiefly valuable for the alloys i, forms. It isextensively used for making stainless steel and other corrosion-iesistant 
alloys such as Invar®. Monel®, Inconel®, and the Hastelloys®. Tubing made of a copper-nickel alloy is extensively used in making desalination plants 
for converting sea water into fresh water. Nickel is also now used extensively in coinage and in making nickel steel for amior plate and burglar-proof 
vaults.andisacomponeminNichrome®.PerTnalloy®,andconstantan.Nickeladdedtoglassgivesagreencolor.Nickelplatmgisoftenusedtoprovide 

a protective coating for other metals, and finely divided nickel is a catalyst for hydrogenating vegetable oils. It is also used m ceramics, m the 

manufacture of Alnico magnets, and in the Edison® storage battery. The sulfate and the oxides are important compounds. Natural nickel 

of five stable isotopes; nine other unstable isotopes are known. Exposure to nickel metal and soluble compounds (as Ni) should not exceed 0.05 mg/ 

(8-hour time-weighted average - 40-hour week). Nickel sulfide fume and dust is recognized as having carcmogenic potential. 
Niobium - (Niohe, daughter of Tantalus), Nb; or Columbium (Columbia, name for America); at. wt. 92.90638; at. no. 41 ; m.p. 2477 ± ^. " P- 
4744°C sp gr 8 57 (20°C)- valence 2 3, 4?, 5. Discovered in 1 80 1 by Hatchett in an ore sent to England more that a cemury before by John Winthrop 
the Youneer first governor of Connecticut. The metal was first prepared in 1 864 by Blomstrand, who reduced the chloride by heating ., in a hydrogen 
atmosphere. The name rnofemm was adopted by the International Union of Pure and Applied Chemistry in 1950after lOOyears of controversy. Many 
leading chemical societies and govemmem organizations refer to it by this name. Most metallurgists, leading metal societies and all but one of the 
leading U S commercial producers, however, still refer to the metal as "columbium". The element is found in niobi,e{or columhue). moh„c-tanwU,c 
pyrochlore' znd eiLxcnitc. Larite deposits of niobium have been found associated with carhona,i,es (carbon-silicate rocks) as a constituent of 
pwocMore Extensive ore resei-ves are found in Canada. Brazil. Nigeria. Zaire, and in the U.S.S.R. The metal can be isolated from tanialum, and 
prepared in several ways. It is a shiny, white, soft, and ductile metal, and takes on a bluish cast when exposed to air at room temperatures for a long 
time The metal starts to oxidize in air at 200^, and when processed ateven moderate temperatures must be placed m a protective atmosphere. It is 
used in ai c-weldins rods for stabilized grades of stainless steel. Thousands of pounds of niobium have been used in advance air frame systems such 
as were used in the Gemini space program. The element has superconductive properties; superconductive magnets have been made with Nb-Zr wire, 
which retains its supereonductivity in strong magnetic fields. This type of application offers hope of direct large-scale generation of electnc power. 
Eishteen isotopes of niobium are known. Niobium metal (99.5% pure) is priced at about $75/lb. . , osnft o/ 

^ Nitrogen--. (L. nitrunuGt. nirron, native soda; genes.Mmmg, N; at. wt. 14.00674; at. no. 7; m.p. -210.00°C; b.p- -195 8°C; density 1 .25(^6 g/ 
I- sp gr liquid 0 808 (-195.8»C). solid 1 .026 (-252»C): valence 3 or 5. Discovered by Daniel Rutherford in 1772, but Scheele, Cavend,sh,Priestley, 
and others about the same time studied "burnt or dephlogisticated air." as air without oxygen was then called. Nitrogen makes up 78% « .^y 
volume The atmosphere of Mars, by comparison, is 2.6% nitrogen. The estimated amount of this elemem in our amiosphere is more than 4000 trillion 
tons From this inexhaustible souree it can be obtained by liquefaction and fractional distillation. Nitrogen molecules give the orange-red, blue-green, 
blue-violet and deep violet shades to the aurora.The elemem is so inert that Lavoisier named it azole, meaning without life, yet its compounds are so 
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in its use for fertilizers. Potassium is an essential constituent for plant growth and it is found in most soils. Potassium is never found free in nature, 
but is obtained by electrolysis of the hydroxide, much in the same manner as prepared by Davy, Thermal methods also are commonly used to produce 
potassium (such as by reduction of potassium compounds with CaCz, C. Si, or Na). It is one of the most reactive and electropositive of metals. Except 
for lithium it is the lightest known metal. It is soft, easily cm with a knife, and is silvery in appearance immediately after a fresh surface is exposed. 
It rapidly oxidizes in air and must be preserved in a mineral oil such as kerosene. As with other metals of the alkali group, it decomposes in water with 
the evolution of hydrogen. It catches fire spontaneously on water. Potassium and its salts impart a violet color to flames. Seventeen isotopes of potassium 
are known Ordinary potassium is composed of three isotopes, one ofwhich is ^^^K (0.01 18%), a radioactive isotope with a half-life o^ 

• The radioactivity presents no appreciable hazard: An alloy of sodium and potassium (NaK) is used as a heat-transfer medium. Many potassium salts ^ 
.are of utmost importance, including the hydroxide, nitrate, carbonate, chloride, chlorate, bromide, iodide, cyanide, sulfate, chromate, and dichromate.; 
Metallic potassium is available commercially for about $40/lb in small quantities. . . 

- Praseodymium -(Gr. 77^5/^5, green, and rf/rfvmo^, twin),Pr; at. wt. 140.90765; at. no. 59; m.p:931?C;.b.p. 3510PC; sp..gr. 6.773; valenceO. 

In 1 84 1 Mosander extracted the rare tmhdidvmia from lanthanaM 1 879, Lecoq de Boisbaudran isolated a new earth, jo/n^na, from didymia obtained 
ifrom the mineral samarskite. Six years later, in 1 885, von Welsbach separated didymia into two oXhtxiipraseodymia^nA neodymia, which gave salts 

of different colors. As with other rare eanhs; compounds of these elements in solution have distinctive sharp spectral absorption bands oplmes, some 
VQf which are only a few Angstroms wide; The element occurs along with other rare-earth elements in a variety ofminerals. Monflz/re.and bamasite 

are the two principal commercial sources ofthe rare-earth metals. Ion-exchange and solvent extraction techniques have led to much easier isolation 

• of the rare earths andlhecost has dropped greatly in the past few years. Praseodymium can be prepared by several methods^such as by calcium reduction 
of the anhydrous chloride of fluoride: Misch metal,- used in making cigarette lighters, contains about 5% praseodymium metal-.^Praseodymmm is soft, 
silvery malleable and ductile. It was prepared in relatively pure fonn in 1931. It is somewhat more resistant to corrosion in air than europium, 
lanthanum.cerium,orneodymium,butitdoesdevelopagreenoxidecoatingthatspallsoffwhenexposedtoair.Aswithoiherrare-earthmetalsU 

be kept under a light mineral oil or sealed in plastic. The rare-earth oxides, including Pr203, are among the most refractory substances known. Along 
with other rare earths it is widely used as a core material for carbon arcs used by the motion picture industry for studio lighting and projection. Salts 
of praseodymium are used to color glasses and enamels; when mixed with certain other materials, praseodymium produces an intense and unusually 
clean yellow color in glass. Didymium glass, of which praseodymium is a component, is a colorant for welder's goggles. The metal (99 + % pure) is 

^"^Prome^^^^ who, according to mythology, stole fire from heaven), Pm; at. no. 6 1 ; at. wt. ( 1 45): m.p. 1042°C; b.p. 3000X (est.); 

sp: gr. 7.264 (25X): valence 3..In 1902 Branner predicted the existence of an.element between neodymium and samarium, and this was confirmed 
byMoseleyin 1914 In 1941 workersatOhioSiateUniversity in^diated neodymium and praseodymium with neutrons, deuterons, and alphaparticles, 
resp and produced several new radioactivities: which most likely were those of elemem 61. Wu and Segre, and Bethe, in 1942, confinned the 
formation- however, chemical proof of the production of element 61 was lacking because of the difficulty in separating the rare earths from each other 
at that time In 1 945 Marinsky, Glendenin, and Coryell made the first chemical identification by u.se of ion-exchange chromatography .:Their work 
was done by fission of uranium and by neutron bombardment of neodymium. Searches for the element on earth have been fruitless, and it now appears 
that promethium is completely missing from the earth's crust. Promethium, however, has been identified in the spectrum of the star.HR m 
Andromeda This elemem is beine formed recemly near the star's surface, for no known isotope of promethium has a half-life longer than 17.7 years. 
Seventeen isotopes of promethium,- with atomic masses from 134 to 155 are now known. Promethium- 147,with a half-life of 2.6.years, is the most 
generally useful Promethium- 145 is the longest lived, and has a specific activity of 940 Ci/g. It is a soft beta emitter: although no gamma rays are 
emitted X-radiationcan be generated when beta particles impinge on elemems of a high atomic number, and great care must be taken in handling it. 
Promethium salts luminesce in the dark with a pale blue or greenish glow, due to their high radioactivity, lon^xchange methods led to the preparation 
of about 1 0 e of promethium from atomic reactor fuel processing wastes in early 1 963. Little is yet generally known about the properties of metallic 
promethium" Two allotropic modifications exist. The element has applications as a beta source for thickness gages, and it can be absorbed by a phosphor 
to produce licht Liaht produced in this manner can be used for signs or signals that require dependable operation; it can be u.sed as a nuclear-powered 
• battery by capturing light in photocells which convert it into electric curtent. Such a battery, using '^^Pm. would have a useful life of about 5 years 
Promethium shows promise as a portable X-ray source, and it may become useful as a heat source to provide auxiliary power for space probes and 
■ satellites. More than 30 promethium compounds. have been prepared. Most are colored. Promethium- 1 47 is available at a cost of about 50c/Ci. 
' Protactinium-.(Gr.pr/)m5,first),Pa;at.wi.231.03588;at.no:91;m.p.l572°C;s^ 
9 1 to be discovered was ^^^Pa, also known as UX„ a short-lived member of the naturally occun-ing 238U decay series. It was idemified by K. Fajans 
and O H Gohring in 1 9 1 3 and they named the new element brevium. When the longer-lived isotope 23'Pa was identified by Hahn and Meitner m 1 9 1 8, 
the name protoactinium was adopted as beine more consistent with the characteristics of the most abundant isotope. Soddy, Cranson, and Fleck were 
also active in thi<. work. The name protoacmium was shortened to protactmium in 1949. In 1927, Crosse prepared 2 mg of a while powder, which 
was shown to be Pa^O.v Later, in 1 934, from 0. 1 g of pure Pa.Os he isolated the element by^ two methods, one of which was by converting the oxide 
;to an iodide and "cracking" it in a high vacuum by an electrically heated filament by the reaction 



2Pal5 ^2Pa + 5I, 

Protactinium has a brishi metallic luster which it retains for some time in air. The element occurs in pitchblende to the extent of about 1 .part ' Pa to 
1 0 million of ore. Ores from Zaire have about 3 ppm. Protactinium has 20 isotopes, the most common of which is ^^'Pr with a half-life of 32,700 years. 
A number of protactinium compounds are known, some of which are colored. The element is superconductive below. 1 .4 K. The element is a dangerous 
toxic material and requires precautions similar to those used when handling plutonium. In 1959 and 1961, it was announced that the Great Britam 
Atomic Energy Authority extracted by a 12-stage process 125 g of 99.9% protactinium, the world's only stock of the metal for many years to come. 
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<^ccurririg here 1^ tonnages of nickel processed make ithe^^^^^^^^ 

^^.^^'^ of rhodium is only 7'6r 8;t^^^ changes iii -air 

• to the sesquioxide. i^t higher temperatures it^converts back to the elemerit^Rhodium a higher melting point M'loWeh'deiisity' than pla^ 

?^!^"5^^^^ aircraft spark plugs, and laboratory crucibles': it is^sefull^ an electrical contact material as it has a low electrical 

^?'^-f^^f:^'i^?^^^^"^ ^^^hiyTfesistM-tdcon-dsiohrPlVted'rhodium^^ 

^ ^^^}^^ fume and dust, as Rh) shodld nbt^exc'eed I'mg/m^ (8-hoiir time-weighted hverage,-40-hour wk^. Soluble 

•'salts shouT^ not "ex ; > , : " . • 

'^valence^l;2^^^3^^^^ 

Jthjan-'was thought several yeiars ag'oJai is now considered to be die 16th ihost *abunHant eleriieni in the earth's crustrRubidium occurs in' pbllucit'e, 

traces 'upio:V%rinxhefo^^^ It is fouiid inMepiddlite ttftfie'extentjof 1.5%; and 

^^il®^*^^.^J^f^^^^ as-tho^e^foundatSe 

'^^frbm biine^ with cesium in the extensive deposits of pW/iicZ/e 

^^d'BeiTiib;Lalce'^M^^^^ temperature: It is a''soft, silvery-white metaH 

"^^^^^fl^t^^^P.?^^^^ sponiaheoiisly in air arid reacts Vi6leritly in water- setting fire toW liberated hydrpgeh; As with 

^^btherancaii^^'i^^^^ 

'^a va^cuuni onnert'an^^^ 

; 'Rub1dmm-87 is' present^to t^^^^^ of 27.85% in natural rubidium aa^d is a" beta emitter with'a'half-life of 4;9 x10i<> years, Ordinary rubidium-is 

" nifiidium can ^be eal;ily ioni:&ed;!it ha^ been^corisiaered'for 'use'in- "'ion engines" for space vehicles; however, cesium is somewhat more efficient for 
this purpose: It is alsoproposed for use as a working fluid for vapoi^turbines arid for use in a thermoelecfric generator using the magnetohydrodynamic 
'princfple where'njbidium^ ioris-a^^^^ by heat at high tern peralure arid passed through a magnetic fields These conduct dectHcity and act like an 
^ ■^^1^5^ °^ ^^^"^^^^^^^ and as a photocell component. It has been 

^ 'used in; niaking specm^ as if'hal the ^h ighestWonri coiiducti vity of any known ionic crystal . At 20°C its conductivity is 

' about the sanie as dilute sul^^^ This suggests ii^e in thin film batteries arid other applications. The present cost in^siiiall quantities in about $25/ 

' Ruthenium (USMHemd^J^ussia^^^ at. wi.' 101 :07;"at. n6r44; ni:p.-2334^G; b.p:-4l50°C; sp. gr. 12.41 (20°C); valence G,:i , 2, 3^ 4, 5, 6; 7, 
> ^' ^i^"" ^" ^ examined the residues left after dissolving crude' platinum.from the Ural mountains iri agua regid. While Berzelius 

■'foilha'ri'o-unusualft^ H^eTbuhd three neW metalsi'oAe of which' he riameicl rutheniurii: In 1 844 Klaus, generally recognized as the 

- dircoverS'/showed that O nitheniurii oxide was very impure and that it contained a new metal. Klaus obtained 6 g of ruthenium from the portion 
' 'of crude-platinum iHat is insoluble in aqUa regialA member of the platinum:gr6up; rutheniurii occurs native with other members of the group'in ores 
found in the Ural mpuritairis arid'm Nonh '^^^^ along with other platinum metals in small but commercial quantities 

in pemiandite oi The metal^is isolated commercially by a 
' complex cheriiical process, t^ final-stage of which is the'hydrogeri reduction of amnibniurn rutheriiuin chlorideV which yields a powder.-The powder 
is consolidated by powder metallurgy techniques or by argon-arc welding. Rutheriiumis a hard/white metal and has four crystal modifications. It does 
not tarnish at rbdrn temperaturesV but oxidizes in iir at about 806°e.-The'metal is riot attacked by hot or cold acidsor aqua regidl but when potassium 
'chlorate is added to the s6lutibri?it'oxidizes explosively. It is attacked by halogens, hydroxides, etc. Ruthenium can be plated by electrodeposition or 
by thermal decornposiiion methods.-The metal is 'one of the- niosi effective"^ hardeners for 'platinum and plalladium, and is alloyed with these metals 
^' to make electi-ical contacts for severe wear resistance. A ruthemum^molybdenum alloy is said to be superconductive at 1 0.6 K. The corrosion resistance 
of titanium is improved a hundredfold by addition of 0. 1 % ruthenium. It is a versatile catalyst. Hydrogen sulfide can be split cataiytically by light using 

• an aqueous suspension of CdS particies loaded with ruthenium dioxide. It'is thought this may have application toVemoval of HjS from oil refining 
and other industrial processes. Compounds in at least eight oxidation states have been founds but of these, the +2. +3. and +4 states are the most common. 
Ruthenium tetroxide, like osriiium letroxide, is highly toxic, in addition, it may explode. Ruthenium corripounds'show a marked resemblance to those 

•'■ofosmiiim. The metal is^priced at abou^^ , , • . . .j . . . 

' ■Riitherfordium-^See Elisment^l04 (unnilquadium). • ' ■ - • J- . - . ; . ....... • . ■ • 

' Samarium -^'(Samarskite a mineiral), Sm; ar.'wt; 1 50.36;'at. no: 62; m.p. 1 072°C; b'.p. 1790*'C; sp. gr (a) 7.520*(25'»C); valence 2 or 3. Discovered 
' speciroscopically by its'^^ 

Col.' Sariiarski:'Samanum is 'fouriS along with otKbr members of the rare-earth elements in many minerals, including monaiite and basmasite, which 
'arecommiercial sources/It dcc^^^ in monazite'to the extent of 2.8%. -While;w/5c/2 w^ra/coritaining about 1% of samarium metal, has long been used, 
'samarium has not beeri'isolated 'in relatively pure form until recent years'. Iori-exi:hange and solvent extraction techniques have recently simplified 

• separatiori'df the rare earih^' frohi one arioiher. more recently, electrochemical deposition, using an electrolytic solution of lithium citrate and a mercury 
electrode, is said to be a-simple, fast, arid highly specific way to separate the rare earths. Samarium metal can be.produced by reducing the oxide with 
barium or lanthanum. Samarium" has a bright silver luster and ^is reasonably stable in air. Three crystal modifications of the metal exist, with 
transformations at 734 and 922X. The metal ignites in air at about 1 50°C. Tweiity one isotopes of samarium exist. Natural samarium is a mixture of 
several isotopes, three of which are uristable with long half-lives. Samarium, along with other rare eanhs. is used for carbon-arc lighting for the motion 
picture industry. The siilfide has excellent* high-temperature stability and good thermoelectric efficiencies up to 1 100°C. SmCoj has been used in 
making 'a new penmanerit magnet materiarWith the highest resistance to demagnetization of any known material. It is said to have an intrinsic coercive 
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force as high as 2200 kA/m. Samarium oxide has been used in optical glass to absorb the infrared. Samarium is used to dope calcium fluoride ciystals 
for use in optical masers or lasers. Compounds of the metal act as sensitizers for phosphors excited in the infrared; the oxide exhibits catalytic properties 
in the dehydration and dehydrogenaiion of ethyl alcohol. It is used in infrared absorbing glass and as a neutron absorber in nuclear reactors. The metal 
is priced at about $5/g. Little is known of the toxicity of samarium; therefore, it should be handled carefully. 

Scandium — (L. Scandia, Scandinavia), Sc; at. wt, 44.9559 1 0; at. no. 2 1 ; m.p. 1 54 1 °C; b.p. 2830°C; sp. gr. 2.989 (25°C); valence 3. On the basis 
of the Periodic System, Mendeleev predicted the existence of ekaboron, which would have an atomic weight between 40 of calcium and 48 of titanium. 
The element was discovered by Nilson in 1 878 in the minerals euxenite and i^adolinite, which had not yet been found anywhere except in Scandinavia' 
By processing 1 0 kg of euxenite and other residues of rare-earth minerals, Nilson was able to prepare about 2 g of scandium oxide of hiah purity. Cleve 
later pointed ou( that Nilson s scandium was identical with Mendeleev's ekaboron. Scandium is apparently a much more abundam element in the sun 
and certain stars than here on earth. It is about the 23rd most abundant element in the sun, compared to the 50th most abundant on earth, li is widely 
distributed on eanh, occurring in very minute quantities in over 800 mineral .species. The blue color of beryl (aquamarine variety) is said to be due 
to scandium. It occurs as a principal component in the rare mineral thonveiiire, found in Scandinavia and Malagasy. It is also found in the residues 
remaining after the extraction of tungsten from Zinnwald wolframite, and in wiikiie and hazzhe. Most scandium is presently being recovered from 
//7mre////i''orisextractedasaby-product from uraniummilltailings. Metallic scandium wasfirstprepar 

who electrolyzed a eutectic melt of potassium, lithium, and scandium chlorides at 700 to 800°C. Tungsten wire and a pool of molten zinc served as 
the electrodes in a graphite crucible. Pure scandium is now produced by reducing .scandium fluoride with calcium metal. The production of the first 
pound of999^. pure scandium metal was announced in 1960. Scandium is a silver-white metal which develops a slightly yellowish or pinkish cast upon 
exposure to air. It is relatively soft, and resembles yttrium and the rare-earth metals more than it resembles aluminum or titanium. It is a very lieht metal 
and has a much higher melting point than aluminum, making it of interest to designers of spacecraft. Scandium is not attacked by a I : I mixture of cone. 
HNO.and 48% HF. Scandium reacts rapidly with many acid.s. Twelve i.sotopes of scandium are recognized. The metal is expensive, costing about 
$130/g with a purity of about 99.9%. Scandium oxide costs about $75/g. About 20 kg of scandium (asV.O,) are now being used yearly in the U.S. 
to produce high-intensity lights, and the radioactive i.sotope ■"'Sc is used as a tracing agent in refinery crackers tor crude oil, etc*! Scandium iodide added 
to mercury vapor lamps produces a highly efficient light source resembling sunlight, which is important for indoor or night-time color TV. Little is 
yet known about the toxicity of scandium: therefore, it should be handled with care. 

Selenium — (Gr. Sclcm: moon). Se; at. wt. 78.96: at. no. 34: m.p. (gray) 22 1 "C: b.p. (gray) 685''C; sp. gr. (gray) 4.79. (vitreous) 4.28; valence 
-2, +4. or +6. Discovered by Berzelius in 1 8 1 7. who found it associated with tellurium, named for the earth. Selenium is found in a few rare minerals, 
such as a ooksiie and c/ansi/ialite. In years past it has been obtained from flue dusts remaining from processing copper sulfide ores, but the anode muds 
from electrolytic copper refineries now provide the source of most of the world's selenium. Selenium is recovered by roasting the muds with soda or 
sulfuric acid, or by smelting them with soda and niter. Selenium exists in .several allotropic forms. Three are generally recognized, but as many as six 
have been claimed. Selenium can be prepared with either an amoiphous or crystalline structure. The color of amorphous^selenium is either red. in 
powder form, or black, in vitreous form. Cry.stalline monoclinic .selenium is a deep red: crystalline hexagonal selenium, the most stable variety, is a 
metallic gray. Natural .selenium contains six stable isotopes. Fifteen other isotopes have been characterized. The element is a member of the sulfur 
family and re.semblessulfur both in its variousformsand in its compounds. Selenium exhibiisboth photovoltaic act ion, where light isconverted directly 
into electricity, and phoioconductive action, where the electrical resistance decreases with increased illumination. These properties make selenium 
useful in the production of photocells and exposure meters for photographic u.se, as well as .solar cells. Selenium is also able to convert a.c. electricity 
tod.c. and isextensively used in rectifiers. Below its melting point selenium isap-type semiconductor and is finding many uses in electronic and solid- 
state applications. It is used in Xerography for reproducing and copying documents, letters, etc. It is used by the class indu.siry to decolorize ulass and 
to make ruby-colored glas.ses and enamels. It is also used as a photographic toner, and as an additive to stainless steel. Elemental .selenium has been 
said to be practically nontoxic and is considered to be an essemial trace elemem; however, hydrogen .selenide and other selenium compounds are 
extremely toxic, and re.semble arsenic in their physiological reactions. Hydrogen selenide in a concenirat ion of 1 .5 ppm is intolerable to man. Selenium 
occurs in some soils in amounts sufficient to produce serious effects on animals feeding on plants, such as locoweed, grown in such soils. Exposure 
to .selenium compounds (as Se) in air should not exceed 0.2 mg/m-^ (8-hour time-weighted average — 40-hour week). Selenium is priced at about $30/ 
lb. It is also available in high-purity form at a .somewhat higher cost. 

Silicon — (L. si/cx. si/icis. Hint), Si: at. wt. 28.0855: at. no. 14: m.p. 14 14°C: b.p. 3265X: sp. gr. 2.33 (25°C); valence 4. Davy in 1800 thought 
sihca to be a compound luid not an element: later in 1 8 1 1 . Gay Lussac and Thenard probably prepared impure amorphous silicon by heating potassium 
w.th silicon teirafiuoride. Berzelius. generally credited with the discovery, in 1824 succeeded in preparing amorphous silicon by the .same general 
method as used earlier, but he purified the product by removing the fiuosilicates by repeated washings. Deville in 1 854 first prepared crystalline silicon, 
the second allotropic form of the element. Silicon is present in the sun and stars and is a principal component of a class of meteorites known as 
'•aerolite.<\ It is aLso a componem of /<'A7//r.v. a natui-al glass of uncertain origin. Sih^^^ 

most abundam element, being exceeded only by oxygen. Silicon is not found free in nature, but occurs chiefly as the oxide and as sili^^^^^ 
rock crysfat, amcihysL a-aU'.Jlini. Jasper, and opal are some of the forms in which the oxide appears. Granite, Iwruhlciule. asbestos, feldspar, clay 
mica. etc. are but a few of the numerous silicate minerals. Silicon is prepared commereially by heating silica and carbon in an electric fumace. using 
carbon electrodes. Several other methods am be used for preparing the element. Amorphous silicon can be prepared as a brown powder, which can 
be easily melted or vaporized. Crystalline silicon has a metallic luster and grayish color. The Czochralski process is commonly used to produce sinale 
crystals of silicon used for solid-slate or .semiconductor devices. Hyperpure silicon can be prepared by the thennal decomposition of ultra-pure 
trichlorosilane in a hydrogen atmosphere, and by a vacuum float zone process. This product can be doped with boron, gallium, phosphorus, or ansenic 
to produce silicon for u.se in transistors, solar cells, rectifiers, and other solid-state devices which are used extensively in the electronics and space- 
age industries. Hydrogenaied amoiphous silicon has shown promise in producing economical cells for convertina solar'eneray into electricity. Si licon 
is a relatively inert element, but it is attacked by halogens and dilute alkali. Most acids except hydrofluoric, do^not affect it. Silicones are important 
products of silicon. They may be prepared by hydrolyzing a silicon organic chloride, such as dimethyl silicon chloride. Hydrolysis and condensation 
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was bombarded by deuterons in the Berkeley cyclotron, and which E. Lawrence sent to these investigators. Technetium was the first element to be 
produced artificially. Since its discovety, searches for the element in terrestrial materials have been made without success. If it does exist the 
concentration.must be very small. Technetium has been found in the spectrum of S-, M-, and N-type stars, and its presence in stellar matter is leading 
to new theones of the production of heavy elements in the stars. Nineteen isotopes of technetium, with atomic masses ranging from 90 
"Tc has a half-life of 2.6 x 10' years. '^Tc has a half-life of 4,2 x 10* years. The isomeric isotope ""Tc, with a half-life of 61 days, is useful for tracer 
work, as It produces energetic gamma rays. Technetium metal has been produced in kilogram quantities. The metal was first prepared by passing 
hydrogen gas at 1 100°C oyer Tc^S,. It is now conveniently prepared by the reduction of ammonium pertechnetate with hydrogen. TechnetiGm is a 
silvery.gray metal that tarnishes slowly in moist air. Until 1960, technetium was available only in small amounts and the price was as high as $2800/ 

g.ltisnowcommerciallyavailabletoholdersofO.R.N.L.permitsatapriceof$60/g.Thechemistryoftechnetiumissaidtobesimilartothatofrhenium. 
Technetium dissolves m nitric acid, aqua regia, and cone, sulfuric acid, but is not soluble in hydrochloric acid of any strength. The element is a 
remarkable corrosion inhibitor for steel. It is reported that mild carbon steels may be effectively protected by as little as 55 ppm of KTCO4 in aerated 
chstilled water at temperatures up to 25000. Thiscoirosion protection is limited to closed systems, since technetium is radioactive and must be confined. 
;Tc has a specific activity of 6.2x 1 O*! Bq/g. Activity of this level must not be allowed to spread, '^c is a contamination hazard ahd should be handled 
in a glove box. The metal is an excellent superconductor at 1 1 K and below. 

Tellurium - (L, rellus. earth), Te; at. wt, 1 27,60; at. no. 52; m.p. 449.5 1 ± 0.3°C; b.p. 988°C; sp. gr. 6.24 (20»Q; valence 2, 4, or 6. Discovered 
by Muller von Reichenstein in 1782; named by Klaproih, who isolated it in 1798. Tellurium is occasionally found native, but is more often found as 
the tellunde of gold (calaverite), and combined with other metals. It is recovered commercially from the anode muds produced during the electrolytic 
refining of blister copper. The U.S.. Canada, Peru, and Japan are the largest Free World producers of the element. Crystalline tellurium has a sil very- 
white appearance,.and when pure exhibits a metallic luster. It is brittle and easily pulverized. Amorphous tellurium is formed by precipitating tellurium 
from a solution of telluric or.tellurous acid. Whether this form is truly amorphous, or made of minute crystals, is open to question. Tellurium is a p- 
type semiconductor, and shows greaterconductivity in cenain directions, depending on alignment of the atoms. Its conductivity increases slightly with 
exposure to light. It can be doped with silver, copper,.gold, tin, or otherelements. In air, tellurium bums with a greenish-blue flame, forming the dioxide. 
Molten tellurium corrodes iron, copper, and stainless steel. Tellurium and its compounds are probably toxic and should be handled with care. Workmen 
exposed 10 as Imie as 0.0 1 mg/m' of air, or less, develop "tellurium breath," which has a garlic-like odor. Thirty isotopes of tellurium are known, with 
aioniic masses ranging from 108 to 137, Natural tellurium consists of eight isotopes. Tellurium improves the machinability of copper and stainless 
steel, and its addition to lead decreases the corrosive action of sulfuric acid on lead and improves its strength and hardness. Tellurium is used as a basic 
ingredient in blasting caps, and is added to cast iron for chill control. Tellurium is used in ceramics. Bismuth telluride has been used in thermoelectric 
devices. Tellunum costs about $ 1 00/lb, with a purity of about 99.5%. 

Terbium -(n,e,t.v, village in Sweden), Tb; at. wt. 158.92534;.at. no. 65; m.p, 1359°C: b,p, 3221°C; sp. gr. 8.230; valence 3,4, Discovered by 
Mosander in 1 843. Terbium is a member of the lanthanide or "rare eanh" group of elements. It is found in cente. gadolinite, and other minerals along 
with other rare eanhs. It is recovered commercially from monazite in which it is present to the extent of 0.03%, from xenotime, and from euxenile 
a complex oxide containing 1 % of more of terbia. Terbium has been isolated only in recent years with the development of ion-exchange techniques' 
for separat mg the rare-earth elements. As with other rare earths, it can be produced by reducing the anhydrous chloride or fluoride with calcium metal 
in a tantalum crucible. Calcium and tantalum impurities can be removed by vacuum remelting. Other methods of isolation are possible. Terbium is 
reasonably stable in air. It is a silver-gray metal, and is malleable, ductile, and soft enough to be cut with a knife. Two crystal modifications exist with 
a transformation temperature of 1289°C. Twenty one isotopes with atomic masses ranging from 145 to 165 are recognized. The oxide is a chocolate 
or dark maroon color. Sodium lerijium borate is used as a laser material and emits coherent light at 0.546 urn. Terbium is used to dope calcium fluoride 
calcium lungstate. and stromium molybdate, used in solid-state devices. The oxide has potential application as an activator for green phosphors used 
in color TV tubes. It can be used with ZrOjas a crystal stabilizer of fuel cells which operate at elevated temperature. Few other uses have been found 
The element is priced at about $30/g (99,9%), Little is known of the toxicity of terbium. It should be handled with care as with other lanthanide elements 
Thallium — (Gr, ihallos. a green shoot or twig), Tl; at. wt. 204.3833; at. no. 81; m.p, 304°C; b,p. 1473 ± ICC; sp gr 1 1 85 (20''C)- valence I 
or 3, Thallium was discovered spectroscopically in 1861 by Crookes. The element was named after the beautiful green spectral line, which identified 
iheelement,The metal was isolated bothbyCrookes and Lamyinl862 about the same time. Thallium occurs in cr<wto>e.to«^^^^^ 
It IS also present in pynm and is recovered from the roasting of this ore in connection with the production of sulfuric acid. It is also obtained from 
the smelling of lead and zmc ores. Extraction is somewhat complex and depends on the source of the thallium. Manganese nodules, found on the ocean 
floor, contain thallium. When freshly exposed to air, thallium exhibits a metallic luster, but soon develops a bluish-gray tinge, resembling lead in 
appearance. A heavy oxide builds upon thallium if left in air, and in the presence of water the hydroxide is formed. The metal is very soft and malleable 
It can be cut with a knite. Twenty five isotopic forms of thallium, with atomic masses ranging from 1 84 to 2 10 are recognized. Natural thallium is a 
mixture of two isotopes. The element and its compounds are toxic and should be handled carefully. Contact of the metal with skin is dangerous and 
when melting the metal adequate ventilation should be provided. Exposure to thallium (solublecompounds) — skin, as Tl, should notexcred 0.1 mg/ 
m-' (8-hour time-weighied average - 40-hour week). Thallium is su.spected of carcinogenic potential for man. Thallium sulfate has been widely 
employed as a rodenticide and ant killer. It is odorless and tasteless, giving no warning of its presence. Its use, however, has been prohibited in the 
U.S. since 1975 as a household msecticideand rodenticide. The electrical conductivity of thallium sulfide changes with exposure to infrared liaht and 
this compound is used in photocells.Thallium bromide-iodide crystals have been used as infrared optical materials. Thallium has been used with sulfur 
or selenium and arsenic, to produce low melting glasses which become fluid between 125 and 150°C. These glasses have properties at room 
temperatures similar to ordinary glasses and are said to be durable and insoluble in water. Thallium oxide has been used to produce glasses with a high 
index of refraction. Thallium has been used in treating ringworm and other skin infections: however, its use has been limited because of the narrow 
margin t^tween toxicity and therapeutic benefits. A mercury-thallium alloy, which forms a eutectic at 8.5% thallium, is reported to freeze at -60°C, 
some 20 below ihe tieezmg point of mercury. Commercial thallium metal (99%) costs about $40/lb. 

Thorium — (-/-/,o;-,Scandinaviangodof war). Th; at. wt.232.0381;at. no. 90; m.p. 1750-0 b.p. 4788''C: sp.gr. 1 1 72- valence +2C) +3('>) -i-4 
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Discovered by Beraelius in 1828. Thorium occu^^ 

reported in New England ahd^elsewHere. but these'have liot yEibeen exploited. Thorium is now thought to be about three tirtes as abundant as uranium : 
ahdibout as abundant ais lead'br molybdenum/ The metal'is a source of riuclear'powef: there is probably more^ehergy available for use from' thorium - 
in the minerals'of the earth's cnist than from both uranium and fossil fuels; Any sizable demand for thorium as a nuclear fuel is'still^evyral yea^^ 
the futurel Woi-k has been done in developing thorium cycle converter-reactor systems. Several prototypes i>induding the HTGR (high-temperature 
gas-cooled reactoT") and MSRE (molten salt converter reactor experiment), have operated. While the HTGR reactore are.eiftcient;they are not-expected 
to become important cbmmei-cially for many years because of cenaimoperatihg difficulties! Thorium is recovered commerciahy from- the minebl 
monazite^ which contains from 3 to 9%' ThOj along wiih jare-earth minerals'. Much of the'intenial heat th6 e iirih produces h^s been attributed t6 thoriurri 
and iirariiuiri: Several methods arie available for producing thorium metal: it can be obtaiiied by reducing thorium oxide with calcium, by electrolysis, 
of anhydrous thorium chloride in a fused mixture of sbdium and potassium chlorides, by calcium reduction^of thorium^ tetrachloride mixed witli 
anhydrous zinc chloride, and by reduction of thorium'tetrachibride with an alkali metal. Thorium was originally assigned apposition iii GroupiV of 
the periodic table. Because ofits atomic ^veight, valence,' etc., it is now considered to be the second member'of the flcrm/^f series of elements. When 
pure, thorium'is a silvery-white metal which is air-stable and retains its luster for several months. When contaminated-with the oxide, thoridm slowly 
tarnishes in air, becoming gray and fmally black. The physical properties of thorium are greatly influenced by the degree of contamination with the 
oxide.The'purest specimens often contain several tenths of a percent of the oxide. High-purity thorium has been made. Pure thorium is soft, very ductile, 
and can be cbld-rolled, swaged* and drawn, thorium is dimorphic; changing at 1 400°C from a cubic to a body-centered cubic'striicturd- thorium oxide 
has a melting point of 3300°Cvwhich is the highest of all oxides; Only a few elements, such as tiirigsten, and a few compounds, such as tantalum carbide, 
have higher melting points. Thorium is slowly attacked by water, but does not dissolve readily m most common acids, except hydrochloric. Powdered 
thorium metal is often pyrbphoric and should be carefully handled. When heated in 'air, thorium turnings ignite and bum brilliantly with a white light. 
The principal use of thorium has'been in the preparation' of the Welsbach mantle, used for portable gas lights. These mantles, consisting of thorium^ 
oxide with about 1 % cerium oxide and other ingredients, glow'with a dazzling light when'heated in a gas flame. Thorium is an important alloying 
element in magnesium, imparting high strength and creep resistance at elevated temperatures.' Because thorium has a low work-function and high 
electron emission, it is sued to coat tungsten wire used in electronic equipment. The oxide is also used to control the grain size of tungsten used for 
electric lamps; it is also used for high-temperature laboratory crucibles. Glasses containing- thorium oxide have a high refractive index and low 
dispersioii. Consequently, they find application in high quality lenses for cameras and scientific instruments. Thorium oxide has also found use as a 
catalyst in the conversioii of ammonia to nitric acid, in petroleum cracking; and in producing sulfuric acid. Twenty five isotopes of thorium are known 
with atomic masses ranging from 2 1 2 td 236: All are unstable. 232Th occurs naturally and has a half-life of 1 .4 x 1 O^o years. It is an alpha emitter. ^^^Th 
goes through six alpha and four beta decay steps before becoming the stable isotope 208pb. 232-]^, sufficiently radioactive to expose a photographic 
plate in a few hours. Thorium disintegrates with the production of "thoron" (22PRn), which is an alpha emitter and presents a radiation hazard. Good 
ventilation of areas where thorium is stored or handled is therefore essential. Thorium metal (99:9%) costs about $150/oz. 

Thulium — (r/7i//e, the earliest name for Scandinavia), Tm; at. wt. 168.93421; at. no. 69; m.p.a545°C;'b.p. 1946°C; sp. gr. 9.321 (25°C); valence 
3.' Discovered in 1 879 by Cleve. Thulium occurs in small quantities along with other rare earths in a number of minerals. It is obtained commercially 
from monazite, which contains about 0.007% of the element. Thulium is the least abundant of the rare earth elements, but with new sources recently 
discovered, it is now considered to be about as rare as silver, gold, or cadmium. Ion-exchange and solvent extraction techniques have recently pennitted 
much easier separation of the rare earths, with much lower costs.'Only a few years ago, thulium metal was not obtainable at any cost; in 1 985 the oxide 
sold for $3400Ag.' Thulium metal costs $50/g. Thulium can be isolated by reduction of the oxide with lanthanum metal or by calcium reduction of 
the anhydrous fluoride. The pure metal has a bright, silvery luster. It is reasonably stable in air, but the metal should be protected from moisture in 
a Closed container. The element is silver-gray, soft, malleable, and ductile, and can be cut with a knife. Twenty five isotopes are known, with atomic 
masses ranging from 152 to 176. Natural thulium, which is 100% '^^m, is stable. Because of the relatively high price of the metal, thulium has not 
yet found many practical applications, '^^m bombarded in a nuclear reactor can be used as a radiation source in portable X-ray equipment. "'Tm 
is potentially useful as an energy source. Natural thulium also has possible use mferhtes (ceramic magnetic materials) used in microwave equipment. 
As with other lanthanides, thulium has a low-to-moderate acute toxic rating. It should be handled with care. 

Tin — (anglo-Saxon, tin), Sn (L. stannum); at. wt. 1 1 8.7 1 0; at. no. 50; m.p. 23 1 S^C; b.p. 2602**C; sp. gr, (gray) 5.75, (white) 7.3 1 ; valence 2, 4. 
Known to the ancients. Tin is found chiiefly in cassiterire (SnOz). Most of the worid's supply comes from Malaya, Bolivia, Indonesia, Zaire, Thailand, 
and Nigeria. The U.S. produces almost none, although occun^nces have been found in Alaska and California. Tin is obtained by reducing the ore with 
coal in a reverberatory furnace. Ordinary tin is composed of nine stable isotopes; 18 unstable isotopes are also known. Ordinary tin is a silver-white 
metal, is malleable, somewhat ductile, and has a highly crystalline structure. Due to the breaking of these crystals, a "tin cry" is heard when a bar is 
bent. The element has two allotropic forms at normal pressure. On warming, gray, or a tin, with a cubic structure, changes at 1 3.2°C into white, or 
P tin, the ordinary form of the metal. White tin has a tetragonal structure. When tin is cooled below 13.2°C, it changes slowly from white to gray. This 
change is affected by impurities such as aluminum and zinc, and can be prevented by small additions of antimony or bismuth. This change from the 
a to P fonn is called the tin pest. There are few if any uses for gray tin. Tin takes a high polish and is used to coat other metals to prevent cont)sion 
or other chemical action. Such tin plate over steel is used in the so-called tin can for preserving food. Alloys of tin are very important. Soft solder, type 
metal, fusible metal, pewter, bronze, bell metal, Babbitt metal, White metal, die casting alloy, and phosphor bronze are some of the important alloys 
using tin. Tin resists distilled sea and soft tap water, but is attacked by strong acids, alkalis, and acid salts. Oxygen in solution accelerates the attack. 
When heated in air, tin forms Sn02, which is feebly acid, fonning stannate salts with basic oxides. The most important salt is the chloride (SnCU • HjO), 
which is used as a reducing agent and as a mordant in calico printing. Tin salts sprayed onto glass are used to produce electrically conductive coatings. 
These have been used for panel lighting and for frosi-free windshields. Most window glass is now made by floating molten glass on molten tin (fioat 
glass) to produce a flat surface (Pilkingion process). Of recent interest is a crystalline tin-niobium alloy that is superconductive at very low temperatures. 
This promises to be important in the construction of superconductive magnets that generate ehonnous field strengths but use practically no power. 
Such magnets, made of tin-niobium wire, weigh but a few pounds and produce magnetic fields that, when started with a small battery, are comparable 
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'-'^ Wolfram — seeTungsten. .r .. ' • - ' ■ i;. .-k ■ 

l^,nr .H . „r^- ^If"**^ .n the atmosphere to the extent of abom one part in twenty miilionJXenoiiifpfcento^ 

atmospher^.,0 the extent of 0:08-.ppm. l*e.element 

J962 ., had generally been assuined that xenon and other noble gases ^ 

40 excite ruby lasers for gener^ttng coherent hght.Xenon is used inthe.atomic'energ^ 
^«h,ghmolecular^«*.gh.«oev^^^ 

$20/^of.gas,at standard pressure; Xenon ts not-.tox,c,=but:its-coinpounas ^ 

«M«78^^ay^ called ynerbia, in-,he eartK theh kiiown as er*/«; In 19(^!qjHSff^4^^iiS^,^ 

elements are .denfcalwith aUebaramum^A Cj^/um, discovered independently and ataboUt the iame time by-V6i,-WelsbkH?'-YS£reiu&. o&iirs 
a^ong wtth other rare earths m a number of rare minerals; I, is dofhmercially recoverba-prihcipally from «io;iaz,7^^b«arwhicH c&ntai^ 
ton-exchange and.olvent extraction techniques developed in recent years haVe^greatly siiflplified the i^^m6a-m6^ttmiiSni66t^deiA. 

with KCK Daane, DennisonvandSpedding prepared a much pursfonn in.1953 from'^^^^^^ 
bede.erm,ned.Y,terb,umhasabr,gh,silveryte.e^issof,,malleabler 

wiU, water. Ytterbium has t^^^^^ 

fou^dm^tKrh* h' "'^•'-"^'"P^™"^^ eamma form is a body-centered cubic form..'Another body^centered cuiJic^fehas fScenily beert 
foundtobestablealhighpressuresatroomtemperaturesT^^ 

^^^r^rrr "^^ ^^^^---^-^ '^nfold as ,he pressure is increased to 39;000fim- ah'd dri5ps b abou, 

!S J J ^nf temperature^pressure resistivity a. a pressure of 40,000 atm. Natural ytterbium is a mixtUie-ofseven^stable isotopes. Seven other 

other^useshavebeenfound.Yttert,.ummetaliscommerc.allyavanablewithapurity 

■K yy""T - ^'""g^ in Sweden near Vauxholm). Y; at. wt. 88.90585; at. no. 39; m.p. 1526=C; b.p. 3336°C:-s,i: gr. ■4;469 (25°C); vaience 

3^ywfl.which.saneanhcomain,ngy..num.wasdiscoveredbyGado!i 

^IZTr 'l ! ? ! ''^ '"^ °f '"^^^ elements - The nime yttna was reserved for the 

during , he Apollo missions show a relatively high yttrium c 

from to«..,,.wh>chcomainsabou.0.2%.Wohler obtained the impure element in:l828by reduction bfthe anhydrous chlori^^ 
me a isnowproducedcommercially by reduction ofihe fluoride withc^^ 

metallic lusterand IS rela,.velys,ablemair.Tumingsofthemetal,however,ignite in airiftheirtemperature 

Int^W ,r . V ' ' TT " °" '° M«ny Hundreds of thousands of poUhds are now usJ 

.IT "> P™''"^^ y..rium-ron.gamets, which are very effective microwave filters. Yttrium iron, aluminum, 

elSclem ToTh™:.T T 

H H r , ' ^'"^ * "^^"""^ °f 8-5. « "'so finding use as a gemstone 

s,nula,edd,ainond).Smallamoun,sofyttr.um(0.lto0.2%)canbeused,oreducethegrainsizeinch,o^^^^^ 

and to increase strength of aluminum and magnesium alloys. Alloys with other useful properties can be obtained by using yttrium as an additive. The 
metal can be used as a deoxid.zer for vanadium and other nonferrous metals. The metal has a low cross section for nuclear capture ^ one of the 
isotopes of yttrium, exists m equilibrium with its parent '"Sr. a product of atomic explosions. Yttrium has been considered for use as a n^dulizer for 
producing nodular cast iron, m which the graphite fonns compact nodules instead of the usual flakes. Such iron has increased ductility Yttrium is also 

tea high melting point and impansshock resistance and lowexpansion characteristics .oglass. Natural yt^ 

other unstab e isotopes have been characterized. Y.trium metal of 99.9% purity is commercially available at a cost of about $75/o2 

Zinc - (Ger. Zwk. of obscure origin), Zn; at. wt. 65.39; ai. no. 30; m.p. 4I9.53°C; b.p. 907°C; sp. gr. 7.133 (25°C); valence 2. Centuries before 
zinc was recognized as a d.i.nct e^ment, zinc ores were used for making brass. Tubal-Cain, seven generations fiom ^dam, is men. oned i^tg 
an insuucior in every an.f.cer in brass and iron." An alloy containing 87% zinc has been found in prehistoric t^ins in Tnmsylvania. Metallic «nc 
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Introduction: 

Water-gas-shift is a mature industrial process, which is applied in 

the production of hydrogen for ammonia synthesis and for adjusting 
the CO/H2 ratio for the subsequent synthesis of methanol. Presently, 
there is a renewed interest in the water gas shift reaction because of 
its potential use in conjunction with ftiel cell power generation. 
Advanced catalysts for the water-gas shift reaction are being actively 
sought by the developers of ftiel cells. 

From the review of the water-gas shift reaction literature, cerium 
oxide-based catalysts are singled out as very promising for both low- 
and high-temperature application. Cerium oxide can supply its ^ 
, surface oxygen, thus catalyzing a variety of oxidation reactions, 
including WGS. Nanocrystalline ceria is much more reducible than > 
well-crystallized materials [1]. The addition of platinum metals, gold ^ 
and base metal oxides, such as copper oxide, can significantly / 
' enhance the reducibility and WGS activity of ceria [2-5]. Dopants ^ 
. such as La or Zr oxides are added to ceria to suppress its crystal ^ 
growth at high temperatures, and to also increase its reducibility. / 

Preparation, characterization, and catalytic properties of CUxO- or 
Au- ceria catalysts prepared as nanostructured materials are reported 
in this paper. Catalysts were characterized by XRD, XPS, 
STEM/EDS, HREM, TPR, and oxygen storage capacity (OSC) 
measurements. 

Experimental: 

Catalyst preparation Bulk doped or undoped ceria and CUxO- 
ceria were synthesized by the urea gelation/coprecipitation method 
(UGC), as described in detail elsewhere [3]. The cerium salt used in 
UGC is (NH4)2Ce(N03)6. In brief, aqueous metal nitrate solutions 
were mixed with urea and heated to 100 ®C under vigorous stirring 
and addition of deionized water. The resulting gel was aged for 8 
hours at 100 °C; after aging, the precipitate was filtered and washed. 
Further, the precipitate was dried at 100-120 °C and calcined in static 
air at 400 T for 10 h or 650 oC for 4 h. A slow heating rate, 2 
*^C/min, was used to reach the desired calcination temperature. In all 
preparation methods used in this work, the same heat treatment 
procedure was followed. 

Gold-ceria samples were prepared by coprecipitation (CP) and 
by deposition precipitation (DP) of gold on ceria made by the above 
UGC method. The CP method involves mixing an aqueous solution 
of HAUCI4, cerium (111) nitrate and lanthanum nitrate with 
(NH4)2C03 at 60-70 °C, keeping a constant pH value of 8 and aging 
the precipitate at 60-70 °C for 1 h. Deposition-precipitation took place 
by adding the desired amount of HAuC^ dropwise into an aqueous 
slurry of the prepared ceria. The pH of the aqueous slurry had already 
been adjusted to the value of 8 using (NH4)2C03. The resulting 
precipitate was aged at room temperature for Ih. A few gold-ceria 
samples were prepared by UGC, following the procedure described 
above. 

Catalyst characterization The total sample surface area was 
measured by single-point BET N2 adsorption/desorption on a 
Micromeritics Pulse ChemiSorb 2705. 

X-ray powder diffraction (XRD) analysis of the samples was 
performed on a Rigaku 300 X-ray Diffractometer with Rotating 
Anode Generators and a monochromatic detector. Copper Ka 
radiation was used. High-resolution transmission electron microscopy 
(HREM) performed on a JEOL 2010 instrument vvith an ultimate 



point-to-point resolution of 1.9 A and lattice resolution of 1.4 A. A 
Kratos AXIS Ultra Imaging X-ray Photoelectron Spectrometer with a 
resolution of 0. 1 eV was used to determine the atomic metal ratios of 
the surface region and the metal oxidation state of selected catalysts. 

Activity tests Water-gas shift reaction tests were performed in a 
quartz-tube flow reactor. A simulated reformate feed gas mixture was 
used containing 11% CO, 11% CO2, 26 % Hj, and 26 % HjO in 
helium. The reactant and product gas streams were analyzed using a 
HP-6890 gas chromatograph equipped with a thermal conductivity 
detector (TCD). 

Temperature-programmed reduction (TPR) Temperature- 
programmed reduction (TPR) of the as-prepared catalysts in fine 
powder form was carried out in a Micromeritics Pulse ChemiSorb 
2705 instrument. The gas streams were monitored by TCD for H2- 
TPR, while a mass-spectrometer (MKS-model RS-1) is used in CO- 
TPR. A 20% H2/N2 or 10%CO/He gas mixture (50 cmVmin (NTP)) 
was used as reducing gas. The sample was heated at a rate of 5 
°C/min from room temperature to 900 °C. 

Oxygen storage capacity (OSC) measurements Oxygen 
storage capacity measurements were carried out in a flow reactor 
system, equipped with a switching valve for rapid introduction of 
step changes in gas streams of CO/He, He, and 02/He. A total gas 
flow rate of 50 cm^/min (NTP) was used. The sample was exposed to 
10% CO/He and 10% Oz/He step changes at the desired test 
temperature. The steady-state signals of CO, CO2 and O2 were 
detected by mass spectrometry. 

Results and Discussion: 

The backbone of the catalyst is ceria, while the metal or metal 
oxide is the minor phase. The amount of La or Zr oxide used as 
dopant in ceria, was varied fi-om 10 to 30 at. %. Physical properties 
of some materials are listed in Table 1. 

As shown in Table 1, the ceria lattice parameter a increases 
with La content, while it decreases when Zr is used as dopant. The 
addition of copper oxide also decreased the lattice parameter of 
ceria. 

Table 1. Physical properties or as-prepared materials 

(Prepared by urea coprecipitation/gclation method, calcined at 400 °C) 



BET S. A. Ce02 lattice CtOi particle size 

Sample (n^^/g) parameters a (A) (nm) 









<in> 


<200> 


CeOz 


140.5 


5.417 


. 6.2 


5.5 


Ce(10La)Ox 


16L6 


5.435 


5.1 


4.8 


Ce(30La)Ox 


175.0 


5.461 


4.3 


3.9 


Ce(30Zr)Ox 


169.1 


5.364 


4.1 


3.7 


lOCuCeOx 


177.7 


5.417 


4.8 


4.5 


lOCuCe(10La)Ox 


200.3 


5.419 


4.0 


3.5 


10CuCe(30La)Ox 


176.1 


5.422 


4.3 


3.3 


10CuCe(30Zr)Ox 


168.0 


5.352 


4.2 


3.9 


0.5AuCe(10La)Ox 




5.432 


4.2 


3.8 


5AuCe(10La)Ox 




5.438 


4.5 


4.1 


10AuCe(10La)O.x 


158.1 


5.439 


4.5 


4.4 



The surface oxygen of ceria is substantially weakened by 
gold or copper oxide as found by H2-TPR, Figure 1. OSC 
measurements using step pulses of CO were in agreement with the 
TPR results; the presence of gold or copper oxide greatly enhances 
the OSC of ceria. Figure 2. Carbon-containing species left on the 
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surface after the CO step, can be fully removed with O2 or partially 
removed with H2O [5]. 




Tamporaim. *C 

Figure 1. (a) CL(UGC) (b) 5Cu-CL(UGC); (c) lOCu-CL (UGC); 
(d) 8Au-CL(UGC); (e) 4.5Au-CL(DP); all materials calcined at 400 
10 h 




SAuCMUGC) 4.5AuCL(DP) 10CuCL(UGC) 5CuCUUGC) CL{UGC) 



Figure 2. OSC of ceria-based catalysts at three different 
temperatures 350 200 T and 100 °C; 10%CO/He, 10%02/He, 
50cmVmin (NTP), all materials calcined at 400 °C, 10 h; 
CL:Ce(10La)O, 

The amount of CO2 produced during the CO and O2 steps in 
OSC is a strong function of the type of dopant used in ceria. This is 
shown in Figure 3. 




I- 



a 

o ^ 



02 step 



1 1 II 



.0^ 



mixture, at 250 °C, the rate over 5-8%Au-ceria(La)Ox catalysts is 6-9 
^mol/gcat*sec, while that over 10%CuCe(La)Ox is 3.2 jimol/ 
gcat*sec. At 350 °C, the WGS reaction rate over the same gold and 
copper-ceria catalysts is 22-47.5 and 31 p.mol/gcat*sec, respectively, 
Figure4. 
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#8Au-CL(UGC) ■ 4.5Au-CL(DP) * 10Cu-Ce(10La)Ox (UGC) 
^ 10Cu-Ce(30La)Ox(UGC) ♦ I0Cu-Ce(30Zr)Ox (UGC) 

Figure 4 WGS rate over various ceria-based materials calcined at 
400 °C, lOh; Simulated reformate gas mixture: 1 1% CO 11% COJ 
26%H2/26%H20 /He 

Conclusions: 

Nanocrystalline ceria-based materials are active water-gas 
shift catalysts. Activity and reducibility greatly depend on the 
structural properties of these materials. 
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Figure 3. OSC of ceria-based catalysts with different dopants at 350 
''C; 10%CO/He, 10%02/He, 50cmVmin (NTP), all materials calcined 
at 400^,1 Oh. 

WGS rate measurements were conducted with simulated 
reformate gas mixtures. In 1 l%C0-7%C02-26%H20-26%H2-He gas 
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Abstract 

Automotive three-way catalysts (TWCs) have represented over the last 25 years one of the most successful stories in the 
development of catalysts. The aim of this paper is to illustrate the technology for abatement of exhaust emissions by analysing 
the current understanding of TWCs, the specific role of the various components, the achievements and the limitations. The 
challenges in the development of new automotive catalysts, which can meet future highly demanding pollution abatement 
requirements, are also discussed. 
© 2002 Elsevier Science B.V. All rights reserved. 



1. Introduction 

Air pollution generated from mobile sources is 
a problem of general interest. In the last 60 years 
the world vehicle fleet has increased from about 40 
million vehicles to over 700 million; this figure is 
projected to increase to 920 million by the year 2010 
[1]. The environmental concern originated by mo- 
bile sources is due to the fact that the majority of 
engines employ combustion of fuels derived from 
crude oil as a source of energy. Burning of hydrocar- 
bon (HC) ideally leads to the formation of water and 
carbon dioxide, however, due to non-perfect combus- 
tion control and the high temperatures reached in the 
combustion chamber, the exhaust contains significant 
amounts of pollutants which need to be transformed 
into harmless compounds. In this paper, the control 
strategies and achievements in automotive pollution 
control are discussed. Attention is focussed on re- 
cent developments in the field of the three-way type 
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of catalysts, i.e. NM/Ce02-Zr02-Al203 contain- 
ing systems; insight on the lean-DeNO;r ^nd diesel 
type of catalysts is also given. The paper is focussed 
essentially on the catalytic aspects of pollution abate- 
ment, even though the reader should consider that 
technological solutions such an electrically heated 
catalysts, etc., may heavily affect the converter per- 
formances [2]. A number of review papers have 
described the traditional Ce02-based TWC technol- 
ogy, accordingly we refer the reader to these papers 
[2-13]. 



2. Emissions characteristics and control 
strategies 

Engine exhausts consist of a complex mixture, the 
composition depending on a variety of factors such as: 
type of engine (two- or four-stroke, spark- or compres- 
sion (diesel)-ignited), driving conditions, e.g. urban or 
extra-urban, vehicle speed, acceleration/deceleration, 
etc. Table 1 reports typical compositions of exhaust 
gases for some common engine types. 
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Table 1 

Example of exhaust conditions for two- and four-stroke, diesel and lean-four-stroke engines [9,155,176,231] 



Exhaust components 


Diesel engine 


Four-stroke spark 


Four-stroke lean-bum 


Two-Stroke spark 


and conditions* 




ignited-engine 


spark ignited-engine 


ignited-engine 


NO, 


350-1000 ppm 


100-4000 ppm 


% 1200 ppm 


100-200 ppm 


HC 


50-330 ppmC 


500-5000 ppm C 


«i 1300 ppm C 


20,000-30,000 ppm C 


CO 


300-1200 ppm 


0.1-6% 


« 1300 ppm 


1-3% 


O2 


10-15% 


0.2-2% 


4-12% 


0.2-2% 


H2O 


1.4-7% 


10-12% 


12% 


10-12% 


CO2 


7% 


10-13.5% 


11% 


10-13% 


SO. 


10-100 ppm*» 


15-60 ppm 


20 ppm 


5«20ppm 


PM 


65 mg/m-^ 








Temperatures (test cycle) 


r.t.-650<=C (r.t.-420°C) 


rt.-1100°C 


r.t.-850°C 


r.t.-1000°C 


GHSV (h-^) 


30,000-100,000 


30,000-100,000 


30,000-100,000 


30,000-100,000 


X (A/F)** 


J«1.8 (26) 


^\ (14.7) 


«i.i6(n) 


«1 (14.7)^ 



N2 is remainder. 

''For comparison: diesel fuels with 500 ppm of sulphur produce about 20 ppm of SO2 [16]. 
^ Close-coupled catalyst. 

*^ defined as ratio of actual A/F to stoichiometric A/F, A. = I at stoichiometry (A/F = 14.7). 

^ Part of the fuel is employed for scavenging of the exhaust, which does not allow to define a precise definition of the A/F. 



As shown in Table 1 , the exhaust contains princi- 
pally three primary pollutants/ unburned or partially 
burned hydrocarbons (HCs), carbon monoxide (CO) 
and nitrogen oxides (NOjr), mostly NO, in addition to 
other compounds such as water, hydrogen, nitrogen, 
oxygen, etc. Sulphur oxides, though polluting, are nor- 
mally not removed by the post-combustion treatments, 
since the only effective way is to reduce them to el- 
emental sulphur, which would accumulate in the sys- 
tem. Accordingly, it is preferred to minimise sulphur 
emissions by diminishing the sulphur content in the 
fuel. Given the different nature of the three classes of 
pollutants, i.e. reducing or oxidising agents, it is nec- 
essary to simultaneously carry out both reduction and 
oxidation reactions over the exhaust catalyst, which 
can occur by a variety of reactions. Some of these are 
summarised in Table 2. Importantly, this table reports 
only the desirable reactions, in that many other reac- 
tions could occur in the complex mixtures described 
in Table 1, such as, for example, reduction of NOjp to 
ammonia, partial oxidation of HC to give aldehydes 
and otiier toxic compounds, etc. Given the complexity 
of the exhaust media, a high selectivity is required in 
order to promote only the reactions reported in Table 2. 

A perusal of the exhaust compositions reported in 
Table 1 for the different type of engines reveals some 



' The ability of the TWCs to simultaneously eliminate three 
classes of pollutants is at the origin of their name. 



significant differences: (i) even if relatively diluted, 
the concentration of the various pollutants can change 
even by an order of magnitude, according to the type 
of engine; (ii) with the exception of the four-stroke 
spark ignited-engine, which, being equipped with a 
TWC, is run at stoichiometry, the other type of engines 
can be run under lean conditions, i.e. in excess of 
O2; (iii) extremely high temperatures are reached in 
the four-stroke spark ignited-engine, particularly in the 
close-coupled catalyst (CCC). 

In general, the emissions depend on air-to-fuel 
(A/F) ratio, as exemplified in Fig. 1. Tuning of the 
engine to rich feed gives the highest power output, 
which, however, occurs at expenses of high fuel con- 
sumption. Under lean conditions lower combustion 

Table 2 



Reactions occurring on the automotive exhaust catalysts, which 
may contribute to the abatement of exhaust contained pollutants 
[4] 



Oxidation 


2C0 -K O2 2CO2 




HC + O2 ^ CO2 + H20^ 


Reduction/three-way 


2C0 -H 2N0 2CO2 + N2 




HC NO CO2 + H2O -H N2* 




2H2 +2N0^ 2H2O+N2 


WGS 


CO -h H2O ^ CO2 -f H2 


Steam reforming 


HC + H2O CO2 -\- H2= 



Unbalanced reaction. 
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Rich Lean 

0.68 0.95 1.22 1.50 



O 
0- 







/ NO/ 


^''^'-OSw Engine power / 




















HC \ 




^co 







10 14 18 22 

Air : Fuel ratio, by weight 



Fig. 1 . Effect of A/F ratio (w/w) on engine emissions and engine 
power (after Ref. [3]). 

temperatures lead to lower NO^ emissions, however, 
at very high A/F engine misfire occurs, leading again 
to high HC emissions. Under any A/F conditions 
catalytic abatement of pollutants is needed to com- 
ply with the legislation limits. Only at stoichiometric 
conditions are appropriate amounts of reducing and 
oxidising agents present in the exhaust to carry out 
the catalytic reactions as outlined in Table 2, Un- 
der such conditions TWCs effectively remove the 
pollutants. 

In principle, there are several advantages in re- 
moving NOjr from the automotive exhaust under 
lean conditions, i.e. A/F > 14.7, compared to the 
stoichiometric feed (A/F = 14.7) of a traditional 
gasoline-fuelled engine, where the polluting compo- 
nents are abated using a TWC. The most important 
advantage of lean-burn engines is the significant fuel 
economy. In fact, an increase of fuel consumption of 
vehicles occurred in the 1990s, which was generally 
attributed to the introduction of TWCs and their re- 
quirement for a stoichiometric A/F ratio to achieve 
best performances. However, it should be noted that 
there are other factors that substantially contributed 
as well, such as the increase of vehicle weight due to 
implementation of security systems, the generalised 
use of vehicle air conditioning, etc. There is another 
advantage of lean NOjr engine, which is the fact 
that the highest exhaust temperatures are typically 
lower (<800-850°C) compared to the stoichiomet- 
ric engines. In the latter engine, temperatures up to 



1 lOO^C are met by the CCC, which may result in a 
disadvantage in terms of the catalyst durability. 

Three types on engines can effectively run un- 
der lean-bum, i.e. diesel, four-stroke/lean-burn and 
two-stroke engine. The two-stroke engine is typically 
employed in small motorcycles, mopeds, chain saws 
and most recreational vehicles. This engine is charac- 
terised by high engine power output, compact design, 
and low construction costs, which makes it ideal for 
the above listed applications. However, it is noisy, 
it presents high fuel consumption and high levels of 
emitted HCs due to partial mixing of the combustion 
mixture with the exiting exhaust. It is estimated that 
up to 25-30% of fuel in the feed is emitted during the 
scavenging process of the exhaust mixture from the 
cylinder [14]. Accordingly, the HC emitted from this 
engine are predominantly C5-C6, in contrast to all 
other engines where C1-C3 constitute the majority of 
HC emitted. Even though various strategies of engine 
management were developed for limiting such high 
HC emissions, pollution control by catalytic methods 
is nowadays mandatory even for these engines, which 
may be achieved by introducing an oxidation catalyst 
for CO and HC removal, as the legislation is generally 
less demanding compared to four-wheel vehicles. Due 
to the intrinsically low NOjc emission levels (Table 1), 
EGR (exhaust gas re-circulation) technology can be 
employed for the reduction of emitted NOjc- Should 
legislation significantly increase the tightness of the 
present and forecasted limits, it may be expected 
that four-stroke engines, equipped with conventional 
TWCs could gradually replace two-stroke engines, as 
happened for four-wheel vehicles. 

As for the exhausts originated by diesel and 
lean-burn engines, let us observe that even though 
both types of engines run in an excess of oxygen, 
typically 5-15% of O2 is present in the exhausts com- 
pared to approximately 1% found in the engine fed at 
stoichiometry; the precise nature of the exhaust gases 
significantly differs between the two systems. In fact, 
both types of engine emit HC and NOjc at ppm levels 
(300-800 ppm) and large amounts of O2 (5-15%), 
water and CO2 (each 10-12%). However, as far as the 
HCs are concerned, there is an important difference 
in that very low levels are emitted from the diesel 
engine (<N0^), which makes necessary addition of a 
reducing agent to the exhaust in order to achieve ap- 
preciable reduction of the emitted NOjc. On the other 
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hand, diesel emissions are characterised by a signif- 
icant level of particulate matter, which itself can be 
employed as a reducing agent for NO;c» or, vice versa, 
particulate can be abated by using NOj as oxidant as 
in Johnson Matthey's continuously regenerating trap 
(CRT) [15]. In contrast, the issue of particulate mat- 
ter is absent in the case of lean-burn engine powered 
by gasoline; moreover, higher contents of HC are 
emitted, which, in principle, allows direct selective 
catalytic NO^ removal to occur. In addition to these 
differences in the nature of the exhaust gases, the 
range of exhaust temperatures strongly differ between 
the two types of engine. For diesel exhaust, tem- 
peratures are on average in the range of 80-1 80 °C 
under the European urban driving cycle with some 
maxima up to 230 °C, while in the extra-urban part of 
the testing cycle a maximum temperature of 440 °C 
was observed, typical temperatures being in the range 
1 80-280 °C [16]. This represents a serious problem, 
both in terms of need of activity at low temperatures 
and the difRculty in de-sulphurisation of the catalysts, 
which generally requires temperatures above 650 °C. 

Let us now focus on the four-stroke spark ignition 
engines equipped with TWCs. As above reported, the 
required amounts of reducing and oxidising agents are 
present in the exhaust only under stoichiometric con- 
ditions. This leads to the typical dependency of the 
conversion patterns of the TWCs upon the A/F ratio 
(Fig. 2). Today the required conversion of pollutants 
is greater than 95%, which is attained only when a 
precise control of the A/F is maintained, i.e. within a 
narrow operating window. Accordingly, a complex in- 
tegrated system is employed for the control of the ex- 
haust emissions, which is aimed at maintaining the A/F 
ratio as close as possible to stoichiometry (Fig. 3). To 
obtain an efficient control of the A/F ratio the amount 
of air is measured and the fuel injection is controlled 
by a computerised system which uses an oxygen (X) 
sensor located at the inlet of the catalytic converter. 
The signal from this X sensor is used as a feedback 
for the fuel and air injection control loop. A second 
k sensor is mounted at the outlet of the catalytic con- 
verter (Fig. 3). This configuration constitutes the basis 
of the so-called engine on-board diagnostics (OBD). 
By comparing the oxygen concentration before and 
after the catalyst, A/F fluctuations are detected. Exten- 
sive fluctuations of A/F at the outlet signal system fail- 
ure. This OBD arrangement implicitly assumes that a 




Air/Fuel Ratio 

Fig. 2, Effect of A/F ratio on the conversion efficiency of three-way 
catalysts. 



narrow A/F window at the stoichiometric point is the 
fingerprint of an effective TWC system. 

The location of the catalytic converter is another 
critical point which determines the conversion effi- 
ciency. TWCs typically feature the so-called light-off 
type conversion vs. temperature behaviour. This 
curves is characterised by conversion which steadily 
increases from 0 to 100% conversion, the temperature 



Electronic controller 



Air mass flow meter 




3-way catalyst 



Fig. 3. Diagram of a modem TWC/engine/oxygen sensor (X) 
control loop for engine exhaust control. 
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Fig. 4. Cumulative HC emissions measured during the federal test 
procedure (FTP cycle) on an US 1995 car: (1) tailpipe emissions 
with CCC; (2) engine-out emissions (after Ref. [11]). 



of 50% of conversion being indicated as the light-off 
temperature. TWCs are characterised by a light-off 
temperature around 250-350 °C. This means that 
an under-floor catalyst is heated above the light-off 
temperature within 90-120 s. In contrast, when the 
catalyst is closely coupled to the engine (CCC) the 
heating time typically drops down to 10-20 s. This 
dramatically affects vehicle emissions immediately 
after the start-up of the engine (Fig. 4). As shown in 
this figure, the ULEV (Californian ultra-low emis- 
sions vehicle) limit (0.064 gHC emitted/km) is typ- 
ically surpassed within 40 s after the engine start-up 
(Fig. 4(2)) [11]. To avoid this situation an almost 
instantaneous heating of the converter is required 
to achieve the required >95-98% conversion. CCCs 
minimise the heating time, however, temperatures up 
to 1 100°C are routinely met as a consequence of this 
location of the catalyst. 

It must be realised that the latest US and Euro- 
pean legislation (EURO phase V and US TIER II) 
limits for automotive emissions require application 
of the CCCs and OBD technologies in order to meet 
the emission standards. A high durability is also an 



important requirement for present and future TWCs, 
for example a durability up to 120,000 miles of the 
converter will be demanded by US tier II regulations 
in 2004. It should be considered that if a significant 
part of the vehicle fleet fails the periodical exhaust 
emission control test, converter replacement becomes 
mandatory for a vehicle manufacturer. Accordingly, 
an extremely efficient and robust catalyst is required 
for future vehicle application. In summary, catalytic 
converters suitable for 2005 and beyond must present 
the following characteristics: 

• High activity and selectivity (conversions >98%) 
which increases up to 99% for Californian SULEV 
(super ultra-low emission vehicle). 

• Very fast light-off (< 10-20 s), i.e. high activity at 
low temperatures. 

In the case of vehicles equipped with TWCs, two 
additional requirements should be considered: 

• high thermal stability; 

• high oxygen storage capacity. 

Amazingly, problems and needs for improvements 
such as those above listed have been quoted for many 
years when discussing TWCs. A question arises: Why 
have they not been solved as yet? The reason is that 
as the performances of the TWCs improve, higher and 
higher targets, e.g. decrease of emissions and increase 
of durability, are pushed forward by the legislators, 
asking for further improvement of the de-pollution 
technology. For example, starting from 2003 the Cal- 
ifornia SULEV legislation will require a 10- fold de- 
crease in NOjr emissions compared to the already tight 
value of ULEV legislation (0.2 g/km), whereas HC 
emissions should drop by a factor of four, down to 
0.01 g/km, with converter durability as high as 120,000 
miles. Typically, cumulative tailpipe emissions exceed 
such stringent values within 3-15 s from the start of 
the engine! This means that catalyst must be effective 
a few seconds before this limit is reached and convert 
nearly 100% during the remaining period of the test 
procedure. 



3. TWCS: principles and operation 

A typical design of a modern three-way catalytic 
converter is reported in Fig. 5. Basically, it is a stainless 
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Fig. 5. Diagram of a typical catalytic converter (1) and a metallic honeycomb (a monolith from Emitec GmbH; adapted with permission) (2). 



Steel container which incorporates a honeycomb 
monolith made of cordierite (2MgO-2Al203'5Si02) 
or metal [9]. Although this aspect is sometimes ne- 
glected in the scientific literature, in must be under- 
lined that the choice and geometrical characteristics 
of the honeycomb monolith play a key role in deter- 
mining the efficiency of the converter. In fact, high 
conversion must be achieved in the converter and 
therefore the catalyst works under conditions where 
severe mass and heat transfer limitations apply. Typi- 
cally, both metal and ceramic monoliths are employed 
nowadays. The major advantage of the metallic sub- 
strate is that the wall thickness is limited by the steel 
rolling mill's capabilities, not strength. In a typical 
automotive 400 cell/in.^ application, the frontal flow 
area in a ceramic monolith is 69% open (3 1 % closed), 
while the metallic version has 91% open area. This is 
due to the higher wall thickness of ceramic monoliths 
(0.007 in. (0,178 mm)) compared to metallic ones 
(0.002 in. (0.050 mm)) [17,18]. However, even in this 
field there has been a strong improvement of the tech- 
nology, cell densities as high as 900 cell/in.^ or even 
higher are now commonly available on the market for 
both types of monoliths [19]. Traditionally, cordierite 
monoliths have been employed quite extensively, pri- 
marily due to their lower production cost. However, 
a major advantage of the metal monoliths resides in 
their high thermal conductivity and low heat capacity, 
which allow very fast heating of the CCCs during 
the phase-in of the engine, minimising the light-off 
time. 

The monolith is mounted in the container with a re- 
silient matting material to ensure vibration resistance 
[10,20]. The active catalysts is supported (washcoated) 



onto the monolith by dipping it into a slurry contain- 
ing the catalyst precursors. The excess of the deposited 
material (washcoat) is then blown out with hot air and 
the honeycomb is calcined to obtained the finished cat- 
alyst. This is clearly a very simplified and schematic 
description of the washcoating process as multiple 
layer technology, or multiple catalyst-bed converters 
are also employed [10,21], The exact method of depo- 
sition and catalyst composition is therefore highly pro- 
prietary and specific for every washcoating company. 
For example, the metallic honeycombs are non-porous, 
which makes adhesion of the washcoat difficult. Ac- 
cordingly a FeCrAl based alloy is employed, which 
contains up to 5 wt.% of aluminium; after an appro- 
priate pre-treatment this element then acts as an an- 
choring centre for adhesion of the washcoat [19]. 

However, there are some common components, 
which represent the state-of-art of the washcoating 
composition: 

• Alumina, which is employed as a high surface area 
support. / 

• Ce02-Zr02 mixed oxides, principally added as 
oxygen storage promoters, - 

• Noble metals (NM = Rh, Pt and Pd) as active 
phases. 

• Barium and/or lanthana oxides as stabilisers of the 
alumina surface area. / 

3,L AI2O3 

The choice of AI2O3 as carrier is dictated by the 
necessity of increasing the surface area of the honey- 
comb monolith which is typically below 2-4m^l"\ 
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where the volume is that of the honeycomb [22], This 
does not allow achievement of high NM dispersion. 
Alumina is chosen due to its high surface area and 
relatively good thermal stability under the hydrother- 
mal conditions of the exhausts. In most of the studies 
7-AI2O3 is employed due to its high surface area 
with respect to other transitional aluminas [23], how- 
ever, also other high temperature aluminas such as 8- 
and 9-AI2O3 can be employed for high temperature 
applications such as in the CCCs because of their 
high thermal stability compared to 'Y-AI2O3. Since 
temperatures above 1000 °C can be met in the TWCs, 
stabilisation of transition aluminas is necessary to pre- 
vent their tt*ansformation to a-AhOa, which typically 
features surface areas below lOm^g"'. A number 
of stabilising agents have been reported in the litera- 
ture, lanthanum, barium, strontium, cerium, and more 
recently, zirconium oxides or salts being the most in- 
vestigated [24-31]. These additives are impregnated 
onto 7-AI2O3 or, sometimes, sol-gel techniques are 
employed to improve the stability of the surface area. 
The exact mechanism by which these additives sta- 
bilises transitional aluminas strongly depends on the 
amount of the stabilising agent and the synthesis con- 
ditions. This is exemplified in Fig. 6 for BaO doped 
aluminas; BaO and lanthana are the most used and 
effective stabilisers. 

The effectiveness of each dopant on the stabilisation 
of alumina is difficult to predict, due to the variabil- 
ity of the factors involved in the synthesis. For exam- 
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Fig. 6. Effect of synthesis method and BaO content of the stability 
of BET areas of AI2O3 after calcination at the indicated temper- 
atures for 3h. SG: sol-gel synthesis method; C: co-precipitated 
sample (after Ref, [29]). 



pie, Ce02 was shown to thermally stabilise AI2O3, the 
maximum stabilisation effect being attained at a Ce02 
level of 5% [32]. However, Morterra et al. [33,34] 
found that little stabilisation of BET areas is attained 
by adding CeOa to 7-AI2O3, even though significant 
modification of surface properties were detected. In 
fact, using CO as a surface probe molecule of the 
surface Lewis acidity of the Ce02-Al203 mixed sys- 
tems, it was revealed that Ce02 accumulates prefer- 
ably on the flat patches of low-index crystal planes of 
the spinel structure, and that the presence of Ce cations 
stabilises, also at high temperatures, the most acidic 
Lewis centres. A possible rationale may be given by 
the recent observation that very efficient stabilisation 
of AI2O3 by addition of Ce02 is achieved under re- 
ducing conditions compared to the oxidising ones, due 
to formation of CeA103 [31]. Apparently, the stabili- 
sation effect is more pronounced as long as dispersed 
Ce^"*" species are present at the AI2O3 surface. The 
presence of such species has long been detected in 
Ce02-Al203 provided that low Ce02 loading is em- 
ployed [35,36]. It is conceivable that Ce02 stabilises 
'Y-AI2O3 in a similar fashion to La^"**, i.e. formation 
of a surface perovskite-type of oxide LaA103 [24], 
which may account for the conflicting observations 
reported in the literature. Under high temperature ox- 
idising conditions, partial re-oxidation of Ce^+ sites 
may occur, with formation of Ce02 particles which 
tends to agglomerate and grow over the AI2O3 sur- 
face, making stabilisation ineifective. 

Use of Zr02 has also been reported to effectively 
stabilise 7-AI2O3 at high temperatures [25]. In this 
case, however, the stabilisation of AI2O3 seems to 
be related to the ability of Zr02 to spread over the 
AI2O3 rather than formation of mixed oxides. Even 
though formation of Zr02-Al203 solid solution has 
been sometimes claimed, separation into Zr02 and 
AI2O3 occurs upon high temperature calcination, as 
dictated by die phase diagram [37]. The effectiveness 
of Zr02 in improving the thermal stability of AI2O3 
surface area seems remarkable as surface areas as 
high as SOm^g-* were observed after calcination at 
1200 °C [25]. Interestingly, Zr02 appears to be more 
effective than Ce02 in stabilising AI2O3; consistently, 
Zr02-rich Ce02-Zr02 mixed oxides more efl'ectively 
stabilised AI2O3 compared to Ce02-rich systems [30]. 

The overall picture concerning the development 
of AhOs-based supports is that, at present, thermal 
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Stability of the AI2O3 support is not an important 
issue for the next generation of TWCs in that the 
progress obtained so far makes these stabilised sup- 
ports suitable even for high temperature applications 
such as in CCCs. 

5.2. CeOj-ZrOi mixed oxides 

The beneficial effects of Ce02-containing formula- 
tions of the TWC performances has long been recog- 
nised [38], Many different promotional effects have 
been attributed to this component, such as the ability 
to: 

• promote the noble metal dispersion; 

• increase the thermal stability of the AI2O3 support; 

• promote the water gas shift (WGS) and steam re- 
forming reactions; 

• favour catalytic activity at the interfacial metal- 
support sites; 

• promote CO removal trough oxidation employing a 
lattice oxygen; 

• store and release oxygen under, respectively, lean 
and rich conditions. 

A detailed discussion of these roles and their relative 
importance is beyond the scope of this work and for 
this we refer the reader to earlier literature [4,12,13]. 

Among the different roles of Ce02 in TWCs, the 
OSC is certainly the most important one, at least from 
the technological point of view. In fact, as above dis- 
cussed, the OBD technology is based on monitoring 
of the efficiency of the OSC. This is due to the fact 
that unambiguous relationships between the TWC ac- 
tivity and OSC performances have been established 
[39]. For this reason, we will principally discuss ther- 
mal stability and the OSC property of the Ce02-Zr02 
mixed oxides, even though the reader should be aware 
that a variety of complex phenomena occur under the 
real exhaust conditions, originated mainly by the in- 
teraction of the NM- and Ce02-based materials. 

Starting from 1995, Ce02-Zr02 mixed oxides have 
gradually replaced pure Ce02 as OSC materials in 
the TWCs [40], even though some low purity Ce02 
materials may be employed for less demanding TWC 
technologies [41]. The principal reason for the intro- 
duction of Ce02-Zr02 mixed oxides in place of Ce02 
is due to their higher thermal stability, as exemplified 
in Fig. 7, which reports the OSC and BET area of 
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Fig, 7. Effect of Ce02 content on the surface area stability and 
dynamic-OSC of Ce02-Zr02 after calcination at 900 °C. OSC 
measured at 400 °C by alternatively pulsing 2.5% O2 in He and 
5% CO in He over the catalyst (after Ref. [42]). 



Ce02-Zr02 mixed oxides as a function of Ce02 con- 
tent [42]. Clearly, there is an important improvement 
of both OSC and BET area as soon as Zr02 is in- 
serted into the CeOa lattice. At first glance, there ap- 
pears to be a straightforward indication in Fig. 7, that 
is, Ce02-rich compositions (around 60-70 mol%) are 
the most effective OSC promoters for TWC applica- 
tion. Unfortunately, this is a very simplified view of 
the problems related to the use of Ce02-Zr02 mixed 
oxides in the TWCs, the real situation being much 
more complex, as described below. 

i.2.7. Thermal stability of Ce02'-Zr02 mixed oxides 
Thermal stability of the TWCs has always been a 
major issue in the development of the TWCs. The in- 
crease of the cruised mileage of passenger cars and 
higher exhaust temperatures observed nowadays com- 
pared to past [ 1 ], demanded for higher and higher ther- 
mal stability of the washcoat and particularly of the 
Ce02 component. The relationship between the extent 
of surface area of Ce02 and the OSC property, as de- 
tected by temperature programmed reduction (TPR), is 
well established (see Fig. 8 as an example). As below 
discussed, the ability of Ce02 to undergo reduction, 
i.e. release of oxygen, at low temperatures (<500°C) 
is well recognised as an immediate and useful tool to 
detect deactivation of the OSC and hence of TWC ac- 
tivity. Accordingly, the primary target in the develop- 
ment of high temperature OSC materials was always 
considered the resistance of Ce02 towards sintering. 

In principle, there are a number of different routes 
which may lead to enhanced thermal stability of the 
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Fig. 8. TPR profiles of Ce02 ((1) and (2)) and RWCqOi ((3) and 
(4)) with surface areas of, respectively, 190m^g~' ((1) and (3)) 
and <10m2g-> ((2) and (4)). 

CeOa-based materials, which may be summarised as 
follows: (i) design of microstructure/textural proper- 
ties by adopting an appropriate synthesis methodol- 
ogy, (ii) appropriate doping of Ce02, (iii) dispersing 
of Ce02 on a carrier. This last aspect has already 
been partially addressed since it is particularly related 
to the thermal stabilisation of AI2O3 (see above), as 
synergic stabilisation effects have been found for the 
Ce02-Zr02-Al203 system [30], Of course, any com- 
bination of these strategies can also be adopted, how- 
ever, for sake of simplicity we prefer to discuss these 
aspects ((i) and (ii)) separately. 

5,2.7.7. Design of microstructure/textural properties. 
The sinterability of any material is clearly related 
to its textural properties and in particular to its pore 
structure [43]. The pore structure, in turn, strongly 



depends on the synthesis conditions. For example, 
co-precipitation is typically employed to prepare 
mixed oxide catalysts. It has been shown that when 
the precipitated cake is treated at 80 °C in the presence 
of surfactants, extensive mesoporous texture develops 
in the Ce02-Zr02 mixed oxides, leading to remark- 
ably high surface areas compared to the traditional 
co-precipitation route [44]. On the other hand, the sin- 
tering mechanism at high temperature was apparently 
little affected, as comparable loss of surface area, in 
terms of relative loss of BET area, was observed in 
both samples, independently of the synthesis method 
[40]. Generally speaking, as the sintering at high tem- 
peratures proceeds, annihilation of small pores occurs 
first leading to decreases of the cumulative pore vol- 
ume and BET area. On the other hand, large pores sin- 
ter with more difficulty as longer migration distances 
are needed for the matter to fill the pores and sinter the 
material. This concept is clearly illustrated by results 
of calcination of two Ceo.2Zro.8O2 samples where 
appropriate modifications of the conditions of sample 
processing were applied in a controlled way to obtain 
the initial pore distribution shown in Fig. 9. As a result 
of this pore distribution, sample A features a surface 
area of 27m^g"^ after calcination at 700 °C, which 
decreases by 85% after calcination at 1000 °C for 5 h, 
giving a BET area of 4m^g~^ This is not a surpris- 
ing result since BET area of few square meters per 
gram are typically found after such a harsh calcination 
[45,46]. Sample B features much larger pores com- 
pared to sample A, leading to a BET surface area of 
35 m^g~* after calcination at 700 °C. However, when 
the calcination temperature is increased to 1000 °C, 
a relatively small decrease of the BET area (37%) is 
observed, as the obtained product features a BET area 
of 22 m^ g~'. This is perfectly in line with the above 
reported comments on the sintering behaviour and 
indicates that extreme care should be taken before the 
effects of variation of Ce02-Zr02 composition on 
textural stability can be assessed. Clearly, meaningful 
comparison of properties ofCe02-Zr02 mixed oxides 
can be obtained only when samples of comparable 
textural properties are compared, 

3.2.1.2. Doping of CeOi-ZrOt mixed oxides with 
other elements. Even though the introduction of 
Ce02-Zr02 mixed oxides into the TWCs represented 
a significant breakthrough point compared to the 
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Fig. 9. Pore distribution in two samples of Ceo.2Zro.8O2 as detected from N2 desorption isotherm using the BJH method: (A) surface 
area = 27 m^ g~* ; (B) surface area = 35 



CeOi-based technology, it is now recognised that un- 
doped Ce02-Zr02 do not present sufficient thermal 
stability for application on the 2005 type of TWC con- 
verters. In fact, thermal stability in excess of 1000 °C 
cannot be achieved by simple Ce02-Zr02 due to their 
metastable nature. As shown in the phase diagram re- 
ported in Fig. 10 [47-50], there are metastable (t^ and 
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Fig. 10. Experimental phase diagram of the Ce02-Zr02 system 
(after Ref. [70]), 



f') phases at intermediate CeOa compositions, which 
upon heating under oxidising conditions, lead to phase 
separation, Ce02-rich (cubic: c-Ceo.8Zro.2O2) and 
Zr02-rich (tetragonal: t-Ceo.2Zro.8O2) phases being 
typically obtained [51,52]. In principle, TWCs must 
show high durability; accordingly phase separation is 
considered an undesirable feature of the Ce02-Zr02 
component since it may lead to unpredictable vari- 
ations in the properties of the catalyst. By analogy 
with Zr02, trivalent dopants, such as yttria and lan- 
thana, have been employed for the Ce02-Zr02 mixed 
oxides [53-58]. However, to our knowledge no sys- 
tematic study satisfying the above reported criterion 
of comparable textural properties for comparison of 
effects of composition has been reported so far. This 
makes difficult a rationalisation of the data reported 
in the literature on the effects of the doping agents. 

Some qualitative and general comments can, how- 
ever, be made for Ce02-Zr02 systems: (i) Ce02-Zr02 
phase separation is favoured at the intermediate com- 
positions and it is retarded or even prevented by ad- 
dition of an appropriate low-valent dopant; (ii) phase 
separation is pronounced under oxidising conditions 
while under reducing conditions phase homogenisa- 
tion is favoured [51,52]; (iii) sintering with decrease 
of surface area is very pronounced under reducing 
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conditions, particularly when compared to oxidising 
ones [59]. These general comments clearly point out 
the critical need for further research aimed at a ra- 
tionalisation of the role of the dopant in affecting 
thermal stability of the Ce02-Zr02 mixed oxides, in 
order to develop new products for high temperature 
applications. 

5.2.2. Oxygen storage ofCeOi-ZrOi mixed oxides 

A remarkable property of the Ce02-Zr02 mixed 
oxides compared to Ce02 is their ability to easily 
remove bulk oxygen species at moderate temperature 
even in highly sintered samples. Thus the reduction 
peak at approximately 900 °C (Fig. 8, trace 1), which 
is associated with reduction of Ce02 in the bulk shifts 
down to approximately 400 °C when a 40mol% of 
Zr02 was inserted into the Ce02 lattice to prepare a 
highly sintered Rh/Ceo.6Zro.402 mixed oxide catalyst 
[60]. This was associated with the ability of Zr02 
to modify the oxygen sub-lattice in the Ce02-Zr02 
^mixed oxides, generating defective structures and 
highly mobile oxygen atoms in the lattice which can 
be released even at moderate temperatures [61,62]. 
These early findings indicated that improved effi- 
ciency of the OSC property can be achieved by using 
Ce02-Zr02 mixed oxides instead of CeOa since, even 
if the sample sinters under the high temperature reac- 
tion conditions, it should be more effective then Ce02 
due to the high oxygen mobility in the bulk; lattice 
oxygen species could effectively participate in redox 
processes even under fluctuating exhaust feed-stream 
conditions. It is now well recognised that when the 
OSC property is investigated by the TPR technique, 
no appreciable distinction between the reduction in 
the bulk and at the surface can be observed in the 
Ce02-Zr02 mixed oxides. Both reduction at the sur- 
face and in the bulk proceed with similar energetics 
and occur at mild temperatures [63,64]. Typically, a 
single peak reduction profile centred around is 500 '^C 
is obtained for a single phase Ce02-Zr02 solid solu- 
tion, the presence of multiple peaks being taken as an 
indication of presence of phase impurities [40]. How- 
ever, the changes in the TPR behaviour are even more 
subtle because other factors such as textural properties 
and even the pre-treatment can affect the TPR profile 
[65-68]. For example, a combination of TPR followed 
by mild oxidation leads to reduction phenomena oc- 
curring at low temperatures [65], whereas when a 



high temperature (severe) oxidation is included as a 
pre-treatment, these low temperature processes re- 
versibly shift to high temperatures [66,67]. There has 
been some debate as to whether migration of oxygen 
species in the bulk is limiting the rate of the reduction 
of the Ce02-Zr02, or whether the kinetics of redox 
phenomena are rather dictated by surface properties 
[45]. However, recent findings confirmed the impor- 
tant role of the bulk properties for redox phenomena 
occurring at low temperatures [68,69]. 

As above indicated, the TPR technique has been 
routinely applied to investigate the redox properties 
of the Ce02-Zr02 mixed oxides. It should be noted, 
however, that under real exhaust conditions, the k 
value oscillates between the oxidising and reducing 
conditions with a frequency of about 1 Hz. In princi- 
ple, this makes the so-called dynamic-OSC more use- 
ful compared to the TPR technique [12,71], since this 
technique allows detection of the oxygen available for 
redox processes on a time scale of seconds. In fact, it 
should be noted that even favourable TPR profiles, i.e. 
featuring reduction peaks at low temperatures, may 
not necessarily be associated with effective OSC due 
to occurrence of in situ deactivation phenomena on 
increasing the temperature of the measurement [72]. 
However, a very recent report suggested that correla- 
tion between TPR profiles and effective dynamic-OSC 
exists in that texturally stable samples featuring a 
TPR behaviour independent of the pre-treatment, e.g. 
a mild or severe oxidation, are those giving the stable 
and effective dynamic-OSC, minimising the deactiva- 
tion phenomena [73]. This confirms the importance 
of the stabilisation of the textural properties in the 
Ce02-Zr02 mixed oxides and the need for further 
improvement of the thermal stability compared to 
typical temperatures so far investigated (^1(X)0°C). 

3.3. Noble metals 

Obviously, NMs represent the key component of 
the TWC, as the catalytic activity occurs at the no- 
ble metal centre. However, we purposely discuss the 
aspects related to the NM at this point, since its inter- 
action with the various components of the washcoat 
critically affects the activity of the supported NM. In 
principle, the first aspect to be considered is the choice 
of the NM and its loading in the washcoat. Rh, Pd an 
Pt have long been employed in the TWCs and there is 
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a general agreement about the specificity of Rh to pro- 
mote NO dissociation, thus enhancing the NO removal 
[4,6,74,75], even if alternative mechanistic pathways 
for NO reduction have also been proposed [7,76,77]. 
Pt and Pd are considered as metal of choice to promote 
the oxidation reaction, even though Rh also has a good 
oxidation activity. In particular, besides some initial 
use in 1975-1976, Pd has extensively been added to 
TWC formulations starting from mid-1990s due to its 
ability to promote HC oxidation [10,11]. In fact, bet- 
ter A/F control [78] and modification of the support 
provided high NOj^ conversion, comparable to the tra- 
ditional Rh/Pt catalyst [79]. The increase of the use 
of Pd in the TWC technology adversely affected Pd 
market price, which is now comparable to that of Pt. 

In fact, there is a large demand for Pd due to the fact 
that the straightforward way to increase the efficiency 
of the TWCs at low temperatures is that of increasing 
the NM loading, and particularly that of Pd, which for 
long was the cheapest NM among the three employed 
(Fig. II). On the other hand, use of high NM load- 
ing may favour sintering at high temperatures, lead- 
ing to deactivation of the TWCs, in addition to the 
fact that cost-effective TWCs are required by the mar- 
ket. In summary, the choice and loading of the NM is 
a compromise between the required efficiency of the 
converter and the market price of the NM; ideally a 
car maker would prefer to have available a choice of 
TWCs with different formulations, which would allow 



a selection to be made according to price fluctuations 
of the NMs. 

3 A. Deactivation of the TWCs 

Generally speaking, sintering of NM, leading to de- 
crease of the number of active sites, is a major pathway 
for the deactivation of TWCs. In addition to sintering, 
poisoning of the catalyst may contribute to their deac- 
tivation. The latter phenomenon is essentially related 
to the mileage travelled, quality of the fuel and the en- 
gine lubricating oil [22]. However, there are a number 
of other routes which can contribute to deactivation of 
the TWCs: (i) sintering of the OSC promoter leading 
to loss of OSC and, possibly, to encapsulation of the 
NM [80]; (ii) sintering of AI2O3 and, more important, 
deactivation of Rh due to migration of Rh-^"*" into the 
alumina lattice [22]. The comprehension of the relative 
importance of the different deactivation phenomena 
is difficult due to the variability of the reaction con- 
ditions, TWC preparation methods, etc. For example, 
when NM are supported on Ce02-Zr02 mixed oxides 
and aged at high temperatures under redox conditions, 
encapsulation of Pd and Rh within the pores of the 
support occurs, while it does not occur for Pt [81]. 

Although it has received relatively scarce con- 
sideration [82], the issue of sulphur poisoning of 
TWC needs some consideration. As above discussed, 
inclusion of Ce02-based promoters into the washcoat 



360 




HC 



CO 





g/i 




Pt: 


Pd: 


Rh 




5,3 




1 


:28 


: 1 


□ 


3,7 




1 


: 14 


: 1 




2,8 




1 


: 16 


: 1 


□ 


1,8 




5 


:0: 


1 



Fig. 11. Effect of NM loading on the light-off temperature in CCCs. 
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considerably enhances the conversion efficiency of the 
TWCs. On the other hand, both CeOa and Zr02 are 
known to easily adsorb SOjr species: sulphated ZrOi 
is a well-known solid acid catalyst [83], whereas Ce02 
is used as a DeSOjc catalyst in cracking processes [84]. 
Investigation of reduced and oxidised Ce02 revealed 
that SO2 is adsorbed under various forms, with both 
surface and bulk-type of sulphates being observed 
[85,86], and it may even modify the microstructure of 
the Ce02-based oxide [87]. Curiously, under oxidis- 
ing conditions bulk sulphates decomposed by 600 °C, 
whereas surface sulphates persisted up to 700 °C [85]. 
Use of reducing conditions in the presence of H2 
favours elimination of sulphates as H2S, which can be 
easily detected as rotten-egg odour [88], particularly 
in the presence of noble metal [89]. CO also promotes 
the reduction of sulphates to reduced oxy-sulphur 
species which unexpectedly increased the redox ca- 
pability of the sulphated Pd/Ce02 system compared 
to the sulphur-free analogue [90,91]. However, it was 
also observed that the OSC of Ce02 is detrimentally 
affected by the presence of SO2, while addition of 
Zr02 to Ce02 increases the resistance of Ce02 to 
sulphur poisoning, although more sulphur is adsorbed 
at the surface [82]. This may be associated with the 
generally higher OSC efficiency of the Ce02-Zr02 
mixed oxide compared to Ce02 and the possibility 
that Zr02 acts as a sulphur scavenger. Ni containing 
oxides are sometimes added to the washcoat in the 
USA as sulphur scavengers, while their use in Europe 
is prohibited. In summary, adsorption of sulphur on 
the NM/Ce02-Zr02-containing TWCs is rather com- 
plex and appears to be structure/adsorption conditions 
sensitive, which readily explains some contradic- 
tions in the literature. In terms of inhibition of the 
three-way activity it seems, however, that the issue 
of sulphur poisoning is much less stringent as com- 
pared, for example, to lean-DeNOjc catalysts, due to 
the high temperatures achieved in the TWCs, which 
allow release of sulphur under driving conditions. 

4. Future trends 

4.1, Engine start-up emissions 

As above discussed, TWCs represent a quite ma- 
ture, highly effective technology for pollution abate- 



ment which, however, has some inherent limitations 
which need further improvement and development; 
These aspects are essentially related to: (i) low activ- 
ity at low temperatures (start-up of the engine) and 
(ii) use of stoichiometric A/F. As far as the first aspect 
is concerned, it should be noted that roughly 50-80% 
of HC emissions during the test procedures are emit- 
ted before the TWC reaches the light-off temperature. 
When, in recent years, the emissions limits have been 
pushed down, it appeared clearly that minimisation 
of warm-up HC emissions was a major problem in 
automotive pollution abatement. This issue was been 
therefore addressed by introduction of the CCCs onto 
the market. This required development of TWCs fea- 
turing thermal stabilities well above lOOC'C [92]. 

In reality, the issue of the start-up emissions can be 
addressed by different approaches, some of which are 
listed in Fig. 12. 

A first possibility is that of collecting the HC emit- 
ted during the warm-up of the converter in a HC trap, 
typically composed of hydrophobic zeolite. In an op- 
timal trap, HC are trapped at low temperatures and as 
the temperature is increased above 250-300 °C, HC 
are released and converted on the TWCs [92]. A suit- 
able trap must also feature very high thermal stabil- 
ity under hydrothermal conditions, which often is not 
the case for zeolite-based systems. We recall that tem- 
peratures as high as 850-900 "^C may be reached in 
the under-floor catalysts. While such systems are still 
under investigation, alternative approaches have been 
indicated [92,93]. It must be recognised that to min- 
imise the emissions, the catalysts must be heated-up 
in a minimum time. This can be achieved, for exam- 
ple, by electrically (Fig. 12) or combustion/chemically 
heated catalysts. In the latter case hydrogen and oxy- 
gen, or CO-rich feed is flowed over the catalysts [93]. 
Oxidation of both CO and H2 are easy and exother- 
mic reactions, which occur at low temperatures over 
the TWCs [94], leading to rapid heating of the cata- 
lyst. However, storage of H2 on the vehicle or use of 
rich A/F which generates high CO and H2 emissions, 
brings complexity to the de-pollution system. Large 
amounts of HC are in fact emitted at rich A/F, which 
require an additional HC trap. 

Use of complex technology clearly pushes-up costs 
while the simplest technology is desirable. Accord- 
ingly, there has been a strong effort aimed at improv- 
ing the thermal stability of the washcoat [42]. With 
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Fig. 1 2. Some strategies for the abatement of engine start-up emissions. 



the availability of thermally stable washcoats, appli- 
cation of a start-up converter, i.e. converter that is 
closely coupled to the exhaust manifold, became fea- 
sible. This converter allows extremely rapid heating of 
the catalyst, leading to enhanced conversions during 
the warm-up of the engine. Metallic converter can be 
easily shaped into the exhaust manifold and are very 
convenient for such application also due to their low 
heat capacity. In general, the composition of the CCC 
is related to that of the typical TWC in that NM met- 
als and particularly Pd are employed to promote HC 
conversion. The OSC promoter may be omitted from 
these formulations since it promotes CO conversion, 
leading to local overheating because of this highly 
exothermic reaction [92], On the other hand, for the 
purpose of the OBD II technology, there is a necessity 
to monitor the OSC efficiency from the start-up of the 
engine. Accordingly, Zr02-rich doped Ce02 promot- 
ers with very high thermal stabilities [42,73,95], are 
often added to this catalyst. 

An alternative approach is that of developing new 
catalysts showing high conversion efficiency at low, 



nearly ambient, temperature [93]. A large part of these 
investigations have been triggered by the observation 
by Haruta et al. [96,97] that gold catalysts are able 
to eflficiendy oxidise CO even at subambient tempera- 
ture provided that nano-dispersed Au particles are pre- 
pared on the support. Thus, light-off temperatures in 
the conversion of the exhausts as low as 100 °C could 
be achieved by depositing small Au particles on re- 
ducible oxides such as Ce02 and Ti02 [98]. However, 
the durability of gold catalysts under harsh conditions 
is still an issue, significant deactivation of cobalt ox- 
ide promoted Au catalysts was observed already after 
157h of reaction at 500 ^C under simulated exhaust 
[99]. There is in fact a flourishing activity in the field of 
low temperatures catalysts [97,100,101], other noble 
metals, in addition to Au, being effective in low tem- 
perature oxidation reactions, provided that appropri- 
ate synthesis methodology is employed [100]. To our 
knowledge, however, due to the nano-dispersed nature 
of these catalysts, the issue of thermal stability, even at 
moderately high temperatures has not been solved as 
yet. Supported metal nano-particles are, in fact, quite 
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mobile on the surface, even at ambient temperature 
in the case of gold [101], which makes prevention of 
sintering phenomena difficult. We believe that thermal 
stabilisation of nano-dispersed metals may represent 
a new breakthrough point in the development of these 
environmental catalysts. 

42, Lean DeNOx catalysts 

The recently approved California legislation on au- 
tomobile fuel consumption has prompted the neces- 
sity of developing new and more effective catalysts 
capable of removing NOjc even in excess of O2. As 
indicated in Section 2, lean-burn gasoline and diesel 
engines, due to the high A/F used in the combustion 
process, can achieve significant fiiel savings, however, 
under these conditions no TWC is effective in reduc- 
ing NO^ due to the excess of O2, which is competing 
for the reducing agent, in particular CO. 

Studies on NOj^ removal under oxidising conditions 
were triggered by the discovery in 1991 that HCs could 
act as selective reducing agents under excess of O2 
[102]. This discovery was followed by a feverish ac- 
tivity in the field of lean-DeNOj^ and more then 50 cat- 
alysts were reported in 1991-1992 [103]. Since then 
this topic has been reviewed by several researchers, 
even though a comprehensive knowledge of the ex- 
haust lean technology is still missing [2,5,102-116]. 
As outlined in a report issued by MECA (Manufac- 
turers of Emissions Controls Association) [1 17] there 
are two major strategies to control the NO^ emissions 
under oxidising conditions: 

• DeNO^ (lean-DeNO^) catalysts; 

• NOjc adsorbers (NO^ traps). 



The former strategy employs a direct NOjc reduction 
catalyst, usually consisting of Pt/AhOa and a metal- 
loaded zeolite for NOjc reduction at, respectively, low 
and high temperature. The NOjc adsorber technology 
is sometimes called a NOjc storage/reduction (NSR) 
catalyst. In this case typically a Pt/BaO/AhOs cata- 
lyst is used to store NOjc under oxidising conditions 
as adsorbed "nitrate" species, which are then released 
and reduced on a traditional TWC by temporarily 
running the engine under rich conditions. Let us now 
examine in some detail these systems. 

4,2.1. Pt/AhO^ and derived systems 

The activity of Pt/AbOa catalysts for NOjc 
reduction under lean exhaust conditions has been in- 
vestigated in detail by Burch et al. [118-136]. They 
extensively analysed the effects of the nature of the 
noble metal, reducing agent, sulphur addition, na- 
ture of additives and of the support, and reaction 
mechanism. 

A typical reaction profile for HC reduction over 
Pt/Al203 is reported in Fig. 13. This figure sum- 
marises some general features of Pt/AbOa lean-burn 
catalysts, that is: (i) a maximum of NO conversion at 
relatively low temperature, NOj; conversion peaking 
as the HC conversion reaches 100% in the case of 
C3H6; (ii) comparable starting temperatures for the 
NO reduction and HC oxidation; (iii) significant NO2 
formation at high temperatures when all the HC is 
burned-out; (iv) strong sensitivity of the NO conver- 
sion to the nature of the reducing agent (saturated 
vs. unsaturated HC); (v) poor selectivity towards 
di-nitrogen formation of the Pt catalyst, N2O being 
the major product at low temperatures. As stated at 
point (iv), this general behaviour strongly depends on 




Temperature (°C) Temperature (°C) 

Fig. 13. Typical light-off behaviour for: (I) C3H6-NO-O2 and (2) C3H8-NCMD2 reactions over VMMiOz. Pt: lwt.%, reactant feed: 
lOOOppm CsH^r, SOOppm NO, 5% O2. W/F = 4 x lO-^gminml"* (GHSV 72,000h->) (after Ref. [121]). 
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the nature of the reducing agent: non-reactive (short 
chain-saturated) HCs behave somewhat differently 
from reactive HCs such as alkenes or long-chain HC 
[127]. 

Let us discuss some important aspects of the above 
quoted properties of the Pt lean-DeNOjc catalysts. 

42,L1, Light-off behaviour of the Pt catalysts. NO 
conversion typically shows a volcano shaped curve ir- 
respective of the nature of the HC, This is due on 
one hand to the fact that NOjc always initiates to- 
gether with the HC oxidation and on the other hand to 
the fact that, with few exceptions, the maximum NO 
conversion corresponds to 100% HC conversion. At 
higher temperatures, when all the HC is consumed, 
significant NO2 formation occurs by reaction of NO 
with excess O2, the amount of NO2 formed being lim- 
ited by thermodynamic constrains. Note, however, that 
NO2 concentration that apparently exceeded thermo- 
dynamic values were also reported for an Ag/Al203 
system [137]. This fact was attributed to the presence 
organo-nitrite species as intermediates of the SCR pro- 
cess, which oxidation/decomposition led to NO2 pro- 
duction. 

The maximum of the NOj^ conversion is obviously 
affected by the space velocity (SV/GHSV). For a typ- 
ical light-off curve, the reaction rate is kinetically lim- 
ited only below the light-off temperature, while above 
light-off the reaction rate is limited either by heat or 
mass transfer. As a consequence, the maximum of the 
NOjt conversion moves to low temperature and its in- 
tensity increases as SV decreases, however, this ef- 
fect is not directly proportional to the decrease of the 
SV. Thus the maximum of the NO reduction peak 
moved from 200 ^C (conversion 70%) to 215 °C (con- 
version 47%) as the SV was increased from 10,000 to 
50,000 h-^ while at intermediate SV = 25,000 h~* 
a conversion of 57% was observed at approximately 
210°C [16]. From a practical point of view, exhaust 
emissions of a diesel engine were characterised by 
SV = 28,000-88,000 h"^ as the temperatures varied 
between 160 and 400 °C during the MVEuro2 driving 
cycle [16]. 

A corollary of this fact is that any comparison of 
activities simply based on light-off activities may be 
strongly misleading. Differences in light-off tempera- 
tures are in fact related to the number of active sites 
(Pts), total flow-rate (F) and kinetic law for the reac- 



tion by the following equation [138,139]: 



1 



In 



/2MPtsF2 



(1) 



For Eq. (1), a rate equation of the type r = k{T)f{c) 
is assumed, where k{T) is the rate constant for NO 
conversion, which depends on the temperature; and 
j{c) represents the remaining factor of the rate equa- 
tion, which depends on surface coverage and is inde- 
pendent of temperature [138,139]. An inspection of 
Eq. (1) reveals that upon comparison of the activities 
of two catalysts with different dispersions (i.e., there 
are two different Pts terms) under equivalent reaction 
conditions (i.e., F\ — F2 and /i(c) = /2(c)), the 
higher the number of active sites the lower the light-off 
temperature. This means that the specific activity of 
two catalysts may be compared using the light-off be- 
haviour only when an equal number of active sites 
is employed in the experiment. Unfortunately, very 
few investigations concerning lean-DeNOjr have re- 
ported reaction rates, light-off temperature being gen- 
erally shown, which makes direct comparison difficult. 
Note that when long-chain HC are investigated, which 
can easily generate coke at the catalysts surface, the 
light-off behaviour may not be relevant to the true cat- 
alytic activity as pseudo-steady states were observed 
below light-off temperature for short to medium peri- 
ods (0. 1-2 h) followed by a deactivation of the catalyst 
[131], It is important to keep present these limitations 
when activity from different sources is compared. 

Reaction rates and kinetic law for C3H6/NO/O2 re- 
action were reported in the literature for Pt/AhOa 
and Rh/AhOa [140,141]. For Pt/A^Oa the following 
expression were found experimentally at 230-236 °C 
(NO and C3H6 250-4000 ppm, O2 0.5-12%, W/F = 
0.0018gsmr^ GHSV ^ 100,000h-^ apparent ac- 
tivation energy 24±3 kcal moP * ): 



reduction : r(NO) = /:red 



[O2] 



oxidation : r(C3H6) = ^ox 



[O2] 



[NO]0-5[C3H6]0- 



For comparison, the kinetic expression for the com- 
bustion of C3H6 measured at 158 °C was 



combustion : r(C3H6) = ^comb 



[O2] 



[C3H6] 



0.5 
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The apparent activation energies for NO reduc- 
tion and C3H6 oxidation were measured as 22 and 
24kcalmol"' over Pt (1.5 wt,%)/Al203 [141]. Inter- 
estingly, NOjc, even if present at ppm level, interferes 
with the HC oxidation. We recall that modification of 
CO oxidation kinetics in the presence of NO is typi- 
cally assumed as a direct indication that NO removal 
occurs through the NO/CO reaction over TWCs [4]. 
In summary, independently of the reaction mecha- 
nism, the key factors in the light-off behaviour of Pt 
lean-DeNOjc catalysts is that a narrow maximum of 
activity is observed around 270-300 The width 
and position of this maximum of activity depends on 
the reaction conditions and nature of the catalyst. As 
is shown below, also the nature of the HC also plays 
a fundamental role in the volcano shaped NO^ con- 
version curve because of the different HC reactivity. 

4.2.1.2. The effect of the reducing agent and promot- 
ers on the reaction mechanism. The effect of the na- 
ture of the reducing agent was investigated in detail by 
researchers from Degussa (OMG) [142]. Even though 
the nature of the catalyst employed was not speci- 
fied, except that a 50 g/ft^ Pt honeycomb catalyst was 
used, the finding of this paper represent typical results 
observed over Pt/A^Oa in subsequent papers. These 
findings can be summarised as follows: 

• There is a remarkable difference in the response 
of the Pt catalyst to the nature of the HC reducing 
agent, e.g. the temperature of the maximum of HC 
and NO conversion is nearly independent of the type 
of linear alkene, while an increase of the length of 



the chain of the alkane significantly shifts down this 
temperature. 

• At comparable HC chain length saturated HC are 

much less effective compared to unsaturated ones. 
Remarkably C16H34, which is a typical diesel fuel 
component, featured an activity comparable to that 

of C3H6. 

• Use of alcohols resulted in high activity at low tem- 
peratures, the nature of the alcohol affecting the ac- 
tivity to a lesser extent compared to alkanes. 

• Use of aromatic compounds as reducing agent 
showed a strong dependence of the conversion 
efficiency on the reactivity of the molecule. 

The remarkable difference of the catalytic behaviour 
between the saturated and unsaturated HCs was ratio- 
nalised in terms of the different reaction pathway for 
the NO reduction in the presence of either saturated 
or unsaturated HC (Fig. 14) [121,125]. It appears that 
reduction of the unsaturated HC can be depicted as a 
NOjr dissociation reaction occurring the metal centre, 
where the unsaturated HC is responsible for the re- 
moval of the adsorbed oxygen generated by the NOjc 
dissociation. In the presence of weakly adsorbed re- 
ducing agent, such as C3H8, adsorbed atomic oxygen 
is the dominant species on the metal surface under re- 
action conditions. The C3H8 oxidation is inhibited by 
both O2 and in the facile oxidation of NO to NO2. 
It is believed that the rate determining step in C3H8 
oxidation by O2 is the dissociative chemisorption of 
C3H8 involving the breaking of aC-Hbond [123,125]. 
This is a difficult reaction and strongly depends on 
the nature of the HC, which accounts for the strong 



Oa5=^=t02*-^*-^2 0* 

♦ OH -0 -' .,Q 
FAST I ^"^Oto) 

CjHe > C3H/ + OH* 



(1) 



(2) 



NO, 



'(g) 



NO. 



'2(9) ^ 



CM, 



FAST 



♦ 9.S 0' • 103 * 



7*3C02(g, + 3.5 HjO^ 



NO* 



.Q^-^i^ O* 



HO* 



3CO^., + 3H,Otg 



'(9) 



Pt metal 




Pi metal 



C.H,^^N„«.N,0, , Al,0, support 



AI2O3 support 



Fig. 14. Proposed reaction mechanism for lean-DeNO^ reaction over Pt/AhOa for allcane (I) and allcene (2) conversion (after Ref. [121]). 
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effect of the carbon chain length upon the DeNOjr 
activity. 

In addition, a comparison of different Pt/AhOa cat- 
alysts promoted by metal oxides (Ba, Ce, Co, Cs, Cu, 
K, La, Mg, Mo, Ti) or noble metals (Ag, Au, Pd, Rh) 
in the lean NO^ reaction, using C3H6 as a reducing 
agent, showed that even if the promoters have a signifi- 
cant effect (beneficial or otherwise) on the activity and 
temperature range of operation of Pt/AhOa, they have 
no significant effect on the N2/N2O selectivity. The 
similarity in behaviour of the promoted catalysts and 
unpromoted Pt/A^Oa suggests that the reaction mech- 
anism was similar for all the catalysts tested [ 1 24]. The 
ability of the AI2O3 support to promote the interaction 
of the adsorbed/migrated NOjc/CjcHy species gener- 
ated from saturated HC, seems a particular property 
of this support, since changing the support to Si02 re- 
sulted in almost no reaction even with comparable Pt 
loading and dispersion. Finally, a comparison of differ- 
ent HCs as reducing agent revealed an unusual ability 
of aromatic HC (toluene) to promote high selectivity 
of the Pt catalysts towards formation of N2 [122]. It 
should be also noted that when long-chain HCs are 
employed, the light-ofif activity may be very different 
from steady-state activity in that below or close to 
light-off temperature (generally chosen as 50% of con- 
version), catalysts poisoning with time-on-stream was 
observed [127]. By increasing the reaction tempera- 
ture conversion of adsorbed carbonaceous species oc- 
curred, thus recovering the catalyst activity [130]. No 
deactivation was observed with small HC, formation 
of carbonaceous species being minimal in this 
case. 

The effect of addition of SO2 to the reaction feed 
appears in line with the above interpretation of the 
effect of the HC in that strong poisoning of activity 
was observed when C3H8 was employed as reducing 
agent due to the formation of aluminium sulphate. 
This is responsible for the poisoning of the catalytic 
sites at the support [128]. In contrast the activity 
was much less affected in the case of C3H6, which 
is in line with the smaller sensitivity of the Pt par- 
ticles towards sulphur poisoning compared to the 
support. 

Even though this reaction mechanism was ques- 
tioned, in particular due to the lack of XPS evidence 
for reduced Pt sites [143], we believe that the ma- 
jor findings and suggestions reported by Burch and 



co-workers still provide an important guide-line for 
development of a new generation catalyst. In fact, de- 
spite the intensive research in the literature, the effect 
of the nature of the support has little been investigated 
[124,126,143-145], and most of the studies were car- 
ried out using C3H6 as reducing agent, where little or 
no effect of the support should be expected. In fact, we 
believe that in this case the major role of the support 
is to affect the Pt dispersion rather then other effects, 
thus modifying the activity of the supported metal. 
When saturated HCs are included in the feed, effects 
of support composition were detected [143], however, 
there is not enough evidence on a clear effect of the 
different supports in promoting Pt activity in lean- 
DeNO^. 

4.2.2, Other lean-DeNOx catalysts 

Numerous other catalytic systems have been investi- 
gated as DeNO^ catalysts, however, they appear much 
less applicability as next generation catalyst due to 
generally low activity and/or stability of such systems. 
For sake of convenience we will group all the catalysts 
in the following categories: 

• Cu-ZSM5 and related systems; 

• metal oxide catalysts. 

As above written, Cu-ZSM5 represented the first 
major candidate for lean-DeNO^ catalysts, even 
though it was quickly recognised that several prob- 
lems affect the Cu-zeolite catalysts [103]. These 
include: (i) poor hydrothermal stability of Cu species 
and zeolite framework; (ii) appreciable activity only 
at high temperature (300-400 °C), which only allows 
the use of such system in conjunction with NM low 
temperature catalysts; (iii) generally poor activity 
under real exhaust and at high space velocities. The 
higher range of reaction temperatures compared to 
Pt catalysts makes these systems of potential interest 
for lean-bum gasoline engine, where such high tem- 
peratures are more easily met compared to the diesel 
engine. 

With the aim of improving the thermal stability 
of the zeolite catalysts, a variety of supported and 
even unsupported metal oxides have been investi- 
gated. Zr02 itself was chosen as a possible candidate. 
Cu/Zr02 and other supported metal oxides, both sul- 
phated and sulphur-free, have been investigated to 
some extent with the aim of improving the thermal 
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Stability of the catalyst compared to the zeolitic 
system [146-154]. Even though some interesting 
activities were claimed, to our knowledge, there is 
not sufficient evidence for possible application of 
such systems under real exhaust conditions. In fact, 
even though some increase of thermal/hydrothermal 
stability could be achieved, the activity is generally 
poorer compared to the Cu-ZSM5 system. As a gen- 
eral comment, it seems that despite the Edisonian 
type of research on different metal oxides as DeNOjc 
catalysts, the "high activities" sometimes claimed 
by the authors, withstand with difficulties the harsh 
exhaust conditions. A relatively recent comparative 
study of several types of "promising" lean-DeNOj 
catalysts under diesel conditions is very illustra- 
tive in this respect [155]: after testing nine different 
classes of catalysts (Pt/AhOa, Rh/AhOs, Ag/AhOa, 
Pt-ZSM5 , CU-ZSM5, Pt/In-ZSM5, CeZSMS-f-MnaOa , 
C0/AI2O3, and AU/AI2O3 -h Mn203), the authors 
came to the conclusion that despite the fact that some 
high activities could be measured, particularly on the 
NM-containing catalysts, there is no single phase cat- 
alyst capable of satisfying the practical demand for 
NOjc removal from diesel exhaust. 

Ag catalysts are also among those extensively 
studied since high activity were reported, particularly 
when alcohols are employed as reducing agents (see, 
for example [137,155-165]). A general comment con- 
cerning the Ag based catalysts is that, due to the low 

10%Ag/Y-Al2O3 

60 T 1 



50* 




Temperature (^'C) 



melting point of Ag, extensive sintering of the catalyst 
may be expected even at relatively low temperatures: 
The catalytic activity was shown to depend on the 
Ag particle size [166], high particle sizes favouring 
the unselective HC oxidation and N2O formation at 
low temperatures (Fig, 15). On the contrary, highly 
dispersed Ag particles favour formation of N2 but 
the reaction occurs at higher temperatures. This was 
explained by the different reaction pathway according 
to the nature of the supported Ag phase (Fig. 16). 

The high sinterability of Ag may represent an im- 
portant drawback for practical application unless par- 
ticular synthesis methodology is employed [167,168]. 
As shown in Fig. 15, high activity and N2 selectivity 
of the Ag catalysts is observed in the "high" range 
of temperatures; accordingly this catalyst may be 
considered as a substitute for the Cu-ZSM5 com- 
ponent in a full-range of temperatures operating 
lean-DeNO^ catalyst [2,169]. To promote the activity 
at low temperatures, Ag could in principle be sintered, 
however this promotes the unselective HC oxidation 
[166]. An interesting way to promote the activity of 
these catalysts is to add another NM to the system 
[170,171]. 

Recently, we have shown that use of Zr02 or 
Zr02-rich Ce02-Zr02 mixed oxides as supports for 
Ag strongly improves the activity at low tempera- 
tures (Fig. 17) [172]. As shown by comparison of 
activities of catalysts with different Ag dispersion 
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Fig. 15. Effect of Ag loading on the activity and product selectivity in Ag/A^Os catalysts (after Ref. [137]). 
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[172], the activity of Ag invariably occurs at lower 
temperatures on ZrOi-containing supports compared 
to AI2O3 supports. More important is that the use 
of Zr02-containing supports remarkably facilitates 
the regeneration of the catalysts from SO^ poisoning 
compared to Ag/AhOs, 

4,2.3, Bi-functional lean-DeNOx catalysts 

The idea of bi-functionality to improve the activity 
of the lean-DeNOx catalysts has been pioneered by 
Misono and co-workers. These studies were recendy 
reviewed [173], accordingly we refer the reader to this 
review. Of the several systems described, it is impor- 




Temperature (°C) 

Fig. 17. Effect of the nature of the support on lean-DeNOjr activity 
of Ag catalysts: NO^ reduction (empty symbols), C3H6 oxidation 
(filled symbols). The 1000 ppm C3H6, 1000 ppm NO, 5% O2. 
W/F = 0.05gsmri (after Ref. [172]). 



tant to focus the mechanistic features of the authors' 
work. Essentially, the authors favour the reaction path- 
way which proceeds with formation of NO2 as reac- 
tion intermediate, which then efficiently reacts with 
adsorbed HC to give surface intermediates. These in- 
termediates then decompose leading to an overall re- 
duction of NO^. A redox type component such as 
Mn203 or Sn02 is also added, which favours oxida- 
tion of NO to NO2 (Fig. 18). 

An interesting aspect of these systems is that the 
presence of water, which normally deactivates the 
DeNOjc catalysts, can even improve the catalytic 
activity (Fig. 19). This was attributed to the partial 
suppression of the direct HC oxidation at Mn203 
(Fig. 18) that is responsible for non-selective HC 
oxidation. 

Among the bi-functional systems, the NM/zeolite 
catalysts, containing particularly H-ZSM5, should 
also be quoted. A number of researchers have in- 
deed employed both Pt/ZSM5 and Pd/ZSM5 as 
bi-functional systems for the lean-DeNOjr (see, for 
example [147,173-180]). Typically, such catalysts 
and particularly those Pd-based were employed for 
lean-DeNO^ using CH4 as reducing agent. The 
bi-functionality of this type of catalyst is related to 
the necessity of acid sites, which apparently allow ac- 
tivation of the HC at the support leading to selective 
NO^ reduction. In fact, using Na-ZSM5 as a support, 
no NOjc reduction was detected. Several zeolites were 
employed for the CH4/NO/O2 reaction, however. 
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i ii iii 

Fig. 18. Effect of addition of MnaOa (as physical mixture) on the DeNO^ activity of Ce-ZSM5; and the proposed reaction mechanism 
(after Ref. [173]). 

4 J. Lean NOx traps 

The discovery by Toyota researchers of the 
so-called NSR catalysts also triggered feverish activ- 
ity in lean-DeNOjc studies [181-183]. The principle 
of the reaction mechanism of these systems appears 
well established [183]. Under oxidising conditions 
NOjc are stored at the surface of a Ba-containing cat- 
alyst under various forms (surface nitrites/nitrates), 
which exact nature is still matter of debate [184-187] 
(Fig. 20). After a certain period, which length is an 
important factor and is correlated to the specific emis- 
sion/catalyst characteristics, the A/F ratio is set to 
rich and the stored NOjc species are reduced over Pt 
or, more generally, TWC-type catalyst to N2 [183]. 

The mechanism of NOjc adsorption and desorp- 
tion/reduction has been investigated by a number of 
authors [112,1 84, 1 85, 1 87-1 97]. It appears now clearly 
the storage/reduction is rather complex process due to 
the complex nature of the exhaust mixture. For exam- 
ple, model studies performed on Pt/BaO/A^Os sug- 
gested that the first step is the oxidation of NO to NO2, 
which is active species being adsorbed on the surface 
[190,191], even though kinetic studies could not dis- 
tinguish whether surfaces nitrites are formed first and 
then oxidised to nitrates or whether both species are 
formed directly by a disproportionation mechanism 
[194]. However, the final species that is strongly held 
on the surface and accounts for the majority of NO^ 



significant deactivation of the catalyst occurred in the 
presence of water and SOj^. 

While a somewhat extensive description of the vari- 
ous attempts to develop efficient lean-DeNOjc catalysts 
is reported here, it is important to outline that these 
systems do not ensure sufficient activity to foresee 
practical applications in a future. Development of new 
breakthrough strategies is an important target for the 
comming years to achieve significant environmental 
benefits from the use of lean, high-efficiency engines. 
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Fig. 19. Effect of addition of H2O on the activity of 
MnaOs/Sn-ZSMS bi-functional catalyst (after Ref. [173]). 
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Fig. 20. Principle of operation of an NSR catalyst: NOjc are stored 
under oxidising conditions (I) and then reduced on a TWC when 
the A/F is temporarily switched to rich conditions (2). 

Stored appears to be a nitrate species, in particular at 
high temperature due to the low thermal stability of 
nitrite. Whatever is the true mechanism, it must be 
underlined that the kinetics and the extent of storage 
are heavily affected by the presence of water and CO2 
in the exhausts: CO2 slows down the NO^ adsorp- 
tion kinetics as the reaction can more appropriately be 
seen as a transformation of surface carbonates into ni- 
trates, e.g. CO2 strongly competes with NOjc for the 
adsorption sites [190,196]. This competition, on the 
other hand, increases the rate of NOjc releases under 
the rich-spike [188,189]. The effect of water is more 
controversial in that promotion of NOjc adsorption was 
observed below 250 °C by addition of small amounts 
of water (1%), whereas at higher temperature an inhi- 
bition effect was observed [194]. However, such pro- 
moting effect was not seen when both water CO2 were 
co-fed. 

The NSR technology is by far the most reliable 
and attractive lean-DeNO;^ technology and it has been 
commercialised in Japan where low sulphur gasoline 
is available. In fact, the major drawback of the NSR 
catalyst is its sensitivity to SOjc due to the fact that 
surface sulphates are invariably more thermally stable 
compared to the nitrates [198]. The durability aspects 
of the NSR catalysts were addressed, for example, 
by researchers from OMG [199] and there seems to 



be general agreement that poisoning of the NOjc stor- 
age function is directly related to the amount of SO2 
passed over the catalyst. This is an important aspect 
since it suggests that for application of these catalysts 
to US or European markets, where higher sulphur con- 
tents are present in the fuel compared to Japan, appro- 
priate strategies to develop sulphur resistant NO^ trap 
must be applied. In addition to the obvious require- 
ment of lowering of sulphur content in the fuel, there 
are strategies that can be adopted for increasing sul- 
phur tolerance of the converter: (i) adoption of an SOjc 
adsorber that protects the NOjc trap and is periodically 
regenerated; (ii) modification of the catalyst compo- 
sition to promote of the removal efficiency of the ad- 
sorbed SO^. An interesting example of such strategies 
was recently reported by Toyota [200,201]. In their 
system, Ti02 was added to protect the barium-based 
trap from sulphur poisoning due to its high sulphur 
tolerance. LiO was added as it was observed that 
Li-promoted AI2O3 releases accumulated sulphur 
more easily compared to pure AI2O3. Rh/Zr02 was 
also employed to enhance the sulphur removal under 
reducing conditions due to its effectiveness as a steam 
reforming catalyst. In fact, an efficient H2 generation 
under the rich-spike of the cycle strongly favours the 
removal of adsorbed SOj,:. It should be noted that 
release of H2S from the catalysts is undesirable, ac- 
cordingly special schedules of the modulation of the 
A/F during the rich phases can be adopted, which 
pump additional oxygen during the rich-de-sulphation 
phase minimising H2S release [202]. Finally, thermal 
deactivation due to sintering of the barium species 
and formation of barium aluminates may represent 
an issue in terms of durability of the catalyst [203]. 
Accordingly, thermally stable Ba-containing materi- 
als, such as doped aluminas or perovskites, has been 
investigated as NO^ absorbers [184,185,204]. 

It is worth of noting that the NSR strategy has also 
been applied to diesei engines. In this case generation 
of the rich conditions must be carefully considered 
as switching A/F to rich conditions easily gener- 
ates typical black-smoke-containing emissions, often 
found in older vehicles. Low temperature smokeless 
combustion with a massive EGR or, more frequently, 
post-injection of fuel are employed to temporarily 
generate rich exhaust. The interesting point is that the 
NSR component may be deposited on the walls of the 
porous ceramic filter so that the precious metal can 
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Fig. 21. Engine-out and tailpipe-out emissions from a 1.9L diesel engine over an NSR catalysts deposited on a ceramic filter. Notice that 
similar efficiencies may be achieved over the NSR catalysts in the lean gasoline engines (after Ref. [205]). 



contemporarily promote removal of the particulate 
[205]. Thus, very high pollutant conversion efficiency 
(ca. 80%) could be obtained in the engine test proce- 
dure (Fig. 21). Clearly, the issue of trap deactivation 
becomes even more stringent in the case of diesel 
vehicles due to the generally higher amounts of sul- 
phur in the fiiel and low operating temperatures that 
do not allow efficient trap regeneration. Rich condi- 
tions for several minutes and temperatures as high as 
650-700 °C are typically needed to achieve effective 
trap de-sulphurisation [202]. 

4,4. Selective catalytic NOx reduction using urea 

Due to the limited success of HCs as efficient re- 
ducing agent under lean conditions, the use of urea 
as an alternative reducing agent for NOjc from heavy 
duty diesel^ vehicles has received attention. Selective 

^ Light-duty (LD) diesel engines are generally defined as vehicles 
with an engine displacement of less than 41 and power output 
of up to lOOkW, and are characterised by relatively high engine 
speeds. LD engines would normally be found in passenger vehicle 
and light commercial vehicle applications. Heavy duty (HD) diesel 
engines may be generally defined as of displacement greater than 
81 and power outputs of greater than 150kW. HD engines are 
found in heavy road transport, industrial and marine applications. 
Medium duty engines fill the gap in the middle and are found in 
medium size trucks, buses and light industrial equipment. 



catalytic reduction of NO^ with NH3 in the presence 
of excess O2 is a well implemented technology for 
NO^ abatement from stationary sources [206]. Typi- 
cally, vanadia supported on T1O2, with different pro- 
moters (WO3 and M0O3) are employed in monolith 
type of catalysts. A sketch of an arrangement for the 
urea based NOjt abatement technology is shown in 
Fig. 22; Typically, the urea solution is vaporised and 
injected into a pre-heated zone where hydrolysis oc- 
curs according to the reaction: 

H2N-CO-NH2 + H2O CO2 + 2NH3 

Ammonia then reacts with NO and NO2 on the reduc- 
tion catalyst via the following reactions: 

4N0 -h 4NH3 + 02^ 4N2 + 6H2O 

6NO2 + 8NH3 7N2 + I2H2O 

This approach has proved to be quite successful 
and high NO^ (up to 80%) could be achieved on 
HD under driving conditions, even after reasonably 
high mileages (200,000-300,000 km), the activity de- 
creased to about 75-80% of the initial value after over 
500,000km [207,208]. A major problem of such sys- 
tem is that extreme care must be exercised to develop 
a suitable urea injection strategy that avoids over- 
loading of the system leading to ammonia slip [209]. 
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Fig. 22. A typical arrangement for abatement of NOj^ from a heavy duty diesel engine using urea as reducing agent. 



Typically, ammonia slip should not exceed lOppm. 
While the efficiency of urea-SCR technology is recog- 
nised [210], there are certainly still a number of issues 
concerning the catalyst efficiency at low temperatures, 
the design of compact converter systems that require 
higher conversion efficiency and, last but not least, the 
issue of generalised urea distribution when fuelling the 
vehicle. 

Given the efficiency of such systems, the applica- 
tion of the urea-SCR technology to LD vehicles was 
also investigated [211]: while appreciable NOjc can 
be achieved, it must be recognised that a ratio of en- 
gine displacement-to-catalyst volume of 1:3 is typi- 
cally employed for the urea-SCR systems that may 
represent a serious problem in compact LD vehicles. 
Clearly, an important improvement of the catalytic per- 
formances is needed before such systems can be ef- 
fectively considered for LDV application. 

4,5. Particulate matter removal 

Even though this topic is specifically related to 
diesel engines, the general interest of these sys- 
tems is related to the above quoted desire to use 
high-efficiency engines. Diesel particulate matter 
(DPM) is the most complex of diesel emissions. Diesel 
particulates, as defined by most emission standards, 
are sampled from diluted and cooled exhaust gases. 
This definition includes both solids, as well as liquid 



material which condenses during the dilution process. 
The basic fractions of DPM are elemental carbon, 
heavy HCs derived from the fuel and lubricating oil, 
and hydrated sulphuric acid derived from the fuel 
sulphur. DPM contains a large portion of the polynu- 
clear aromatic hydrocarbons (PAH) found in diesel 
exhaust. Dies^el particulates contains small nuclei 
with diameters below 0.04 jjim, which agglomerate 
forming particles as large as 1 |xm. The non-gaseous 
diesel emissions are grouped into three categories: 
soluble organic fraction (SOF), sulphate and soot 
[212]. 

Removal of the liquid fraction of PM is generally 
achieved by an oxidation catalyst. Oxidation catalysts 
have been fitted to US medium duty diesel vehicles 
since 1994 to reduce emissions of HC, the SOF con- 
tent of DPM, and CO [212]. Typically, these catalysts 
are composed of NM/CeOa/AhOa (NM — Pt) sys- 
tems, where porosity of the catalysts often plays a key 
role since adsorption of the SOF at the support allows 
its conversion at catalytic sites and hence its removal 
before its desorption starts [212]. This is a critical as- 
pect in the diesel exhaust removal due to the generally 
low temperatures (1 20-350 "^C) of the diesel exhaust 
[213]. In fact, during the test cycle, the temperature 
of the catalyst may easily fall below the light-off tem- 
perature making necessary additions of an adsorbent, 
typically a zeolite. Oxidation catalysts promote the 
oxidation of HC and CO with oxygen in the exhaust to 
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form CO2 and H2O. Fuel sulphur levels of maximum 
500 ppm are required to avoid excessive production 
of sulphate based PM and to minimise catalyst deacti- 
vation by sulphur poisoning. Lower levels of sulphur 
(50 ppm) can increase the effectiveness of oxidation 
catalysts by up to 50% and contribute to greater dura- 
bility. Oxidation catalysts have not generally been used 
in heavy vehicles with the exception of urban buses, 
and are not considered necessary to meet HC and CO 
requirements of future HD emission regulations. 

Removal of soot may be achieved by means of fil- 
tration (Fig. 23) [214]. Even though different types 
of filters can be employed [215], the filtration effi- 
ciency is generally high. However, the continuous use 
under the driving conditions leads to filter plugging. 
Regeneration of the filter is therefore a crucial step of 
the soot removal systems. This can be achieved ther- 
mally, by burning the soot deposits on the filter, using, 
for example a dual filter systems such as depicted in 
Fig. 23. However, such systems may be adopted only 
in the trucks where space requirements are less strin- 
gent compared to passenger cars. In addition, there are 
problems arising from the high temperatures achieved 
during the regeneration step when the deposited soot 
is burned off. In fact, local overheating can easily oc- 
cur leading to sintering with consequent permanent 
plugging of the filter. To overcome these problems, 
development of catalytic filters has attracted the in- 
terested of many researchers (for a recent review, see 
Ref. [214]). 



A comprehensive discussion of the diesel particulate 
abatement systems is beyond the scope of this paper, 
however, it is important to quote some emerging tech- 
nologies in this field, one of the most important being 
those of the CRT [216] and use of fuel additives that 
favour combustion of the soot deposited on the filter 
[217,218]. The concept of the so-called CRT has been 
pioneered by researchers from Johnson Matthey [216] 
and is based on the observation that NO2 is a more 
powerful oxidising agent towards the soot compared 
to O2. The concept of CRT is illustrated in Fig. 24: 
a Pt catalysts is employed in front of the filtering de- 
vice in order to promote NO oxidation; in the second 
part of CRT, DPM reacts with NO2 favouring a con- 
tinuous regeneration of the trap. A major drawback of 
these systems is related to the capability of Pt cata- 
lysts to promote SO2 oxidation as well. The sulphate 
thus formed is then deposited on the particulate filter 
interfering with its regeneration. Moreover, the NO2 
reacts with the soot to reform NO whilst reduction of 
NO2 to N2 would be the desirable process. Accord- 
ingly, it is expected that as the NO^ emission limits 
will be pushed down by the legislation, less NO will 
be available in the exhaust for soot removal, unless 
the engine is tuned for high NOjc emission that are 
used in the CRT and then an additional DeNOj^ trap 
is located after the CRT device. 

Use of fuel additives, particularly those based on 
Ce02, is another area of interest [219]. Rhodia has 
introduced these additives on the market which now 



(1) 
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Burner on 




Burner off 



Fig. 23. Principle of filter operation (1) and filter re-generation (2) for a soot removal system, using fuel powered burners. 
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NO + 1/2 0, = NO, 



PM + NOo = CO, + NO 




Pt/M^O^ catalyst Particulate filter 

Fig. 24. The working principle of the continuously regenerating particulate trap. 



have been applied in vehicles [217,218]. While there 
is a significant benefit in terms of promotion of the 
soot combustion from addition different additives even 
at very small concentrations [218], the environmental 
impact due the release of such additives into the at- 
mosphere, following their widespread use, should be 
considered. 



5. Conclusions 

The development of automotive converters has 
proceeded by a continuous improvement of the cat- 
alytic performances and durability of the automotive 
catalysts over the past 25 years. Use of Ce02-Zr02 
technology represented a major improvement in terms 
of TWC durability in the last years, however, more 
and more demanding regulations are on the horizon. 
It is now clear that a TWC is a complex and in- 
tegrated system that must be immediately effective 
and that its lifetime must be equivalent to that of the 
car. This demands new materials of extreme thermal 
stability, exceeding 1100°C, which show extremely 
high conversions. The achievement of such targets 
require strong research efforts; a fundamental com- 
prehension of the interactions between the NM and 
the other washcoat components and the deactivation 
phenomena is needed. 

The requirements for more and more efficient en- 
gines highlights the problem of NOjc abatement under 
oxidising conditions. Even though huge efforts have 
been dedicated to development of lean-DeNOj^ cata- 
lysts, their durability and performances are still insuf- 



ficient. Noticeably, of the different lean-DeNO^ strate- 
gies for gasoline engines, the most effective and ready 
to use one is the so-called NSR concept which still 
uses a TWC to eliminate NOj, [112]. 

Technologies for control of particulate emissions 
from diesel engine will find increasing demand in the 
next years. In particular, catalytic filters will continue 
to be the subject of intense research. 

Summarising, the end-of-pipe technologies for au- 
tomotive pollution control, and in particular the TWC, 
have, and are, playing a key role in reducing air pol- 
lution. However, a new breakthrough point can be 
achieved only by adopting new strategies based more 
on prevention than on control. In this respect, it is 
important to highlight the great promise of hydrogen 
fuel cell technology [220]. The proton exchange mem- 
brane fuel cell — to make hydrogen from HCs — will be 
a major focus for research in electrocatalysis and cat- 
alytic fuel processing. It is worth noting that the targets 
obtained in the development of materials for TWCs 
constitutes an important scientific background for the 
design of new catalytic system for on-board hydrogen 
production. In fact, the on-board fuel reformer unit em- 
ploys a number of catalytic steps involving reactions 
that routinely occur under the exhaust conditions and 
most of them appear to be promoted by the NM/CeOa 
interactions [13]. Consistently, M/CeOa-ZrOa mate- 
rials were reported to feature good activities for fuel 
reforming, WGS reaction and preferential CO oxida- 
tion [221-230]. However, further work is necessary 
to significantly enhance their performance, in order to 
obtain a miniaturisation of the system and therefore 
application in automobiles. 
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The effect of lanthanum oxides on the catalytic performance and the physicochemical properties of Pdonly three-way catalysts 
prepared by co-impregnation and sequential impregnation methods was studied by using hydrogen chemisorption, BET surface area, 
X-ray diffraction and X-ray photoelectron spectroscopy. It was found that the roles of La closely depended on the order of La introduction 
in the preparation of the Pd catalysts. Pd-La/Al203 prepared by co-impregnation of La and Pd, kept its superior activity in spite of the 
significant loss of surface area of the alumina support after thermal aging at 1273 K, indicating that the primary role of La was a Pd 
stabilizer through the intimate interaction between La and Pd. However, on Pd/La/Al203, in which Pd was consecutively impregnated 
after the impregnation of La, La preferentially interacted with the alumina support as a form of LaxAly02, resulting in the stabilization 
of the alumina support during thermal aging. XPS results indicated that lanthanum oxide suppressed the formation of PdO interacting 
with alumina during thermal aging. In the case of Pd/La-Ce/Al203, the formation of the solid solution of (CexLai_x)02 was not strong 
enough to maintain the high activity and the good textural property after thermal aging. 

Keywords: Pd-only three-way catalyst, lanthanum oxide, cerium oxide, co-impregnation, XPS, XRD, thermal aging 



1. Introduction 

Palladium as an active metal in a three-way catalyst 
(TWC) has been known to have a good resistance to thermal 
sintering, a lower price than Rh and a higher activity for 
the oxidation of hydrocarbons and CO [1]. Pd-only TWC 
has been intensively studied as a new generation three- 
way catalyst even in applications where catalyst temper- 
ature occasionally reaches 1273 K [2]. However, Pd-only 
TWC shows a relatively low activity for the NO removal in 
oxygen-rich conditions. It is well known that the Rh com- 
ponent in the conventional Pt/Rh catalyst is responsible for 
that role [3], Lanthanide oxides such as La and Ce [4], 
and base metal oxides such as Co, Ba and Zr [5-8] have 
been used as promoters to improve the catalytic activity of ^ 
Pd-only TWC. Especially La203 is known to act as a good 
promoter to increase the dispersion and the thermal stabil- ^ 
ity [9], and improve the oxidation activity of Pd [10]. In r 
addition, Ce02 plays an important role as an oxygen storage j 
capacitor (OSC) which stores the oxygen during lean con-/ 
ditions and releases it during rich conditions [11], provides 
the activity for water-gas shift reaction [12], maintains the 
dispersion of the catalytic active metals [13,14], and stabi- 
lizes the surface area of the alumina washcoat [15,16]. 

There are a few reports on the interaction between AI2O3 
and the lanthanide oxides. Shyu et al. [17] reported that 
the reaction between CeOa and AI2O3 which transformed 
CeOa into other more stable compounds, CeAlOs, under 
high temperature reducing conditions was expected to ad- 

* To whom correspondence should be addressed. 



versely affect the OSC by fixing one oxidation state. To 
avoid such effects, La-^"*" as an AI2O3 modifier was in- 
troduced to block the reaction between AI2O3 and Ce02. 
Graham et al. [18] postulated that Ce02/La203/Al203 
showed a higher Ce02 dispersion and a greater OSC of 
the Ce02 than co-impregnated (Ce02 + La203)/Al203 and 
La203/Ce02/Al203 from the XPS results, Shelef et al, [19] 
showed in a model catalyst study that the presence of lan- 
thanum oxide in the films inhibited the reduction of cerium 
oxide partially. In practice, the thermal stability of the 
TWC is very important for its commercial application. The 
physicochemical properties of lanthanum-modified AI2O3 
as a function of the amount of La were investigated by 
XPS and CO2 absorption [20]. As a result, a consequence 
of the high calcination temperature of 925 °C facilitated 
the diffusion of surface lanthanum into the alumina bulk to 
form LaAlOs. Likewise, the roles of La have been focused 
on the enhanced thermal stability of the AI2O3 support or 
the increased OSC of the catalyst containing cerium oxide. 

Co-impregnation has been known as a catalyst prepa- 
ration method with a view to forming bimetallic parti- 
cles [21]. Although co-impregnated Pd-Pt [21] and Pd- 
Rh [22] catalysts were reported for hydrocarbon oxidation 
and NO reduction, respectively, there is, to our knowledge, 
no result about the co-impregnation effect of Pd and La in 
the three-way catalytic reaction. Since the strong metal- 
support interaction is well known in Pd/La203 [23], an in- 
timate interaction of Pd and lanthanum oxide arising from 
co-impregnation is expected to result in a catalyst with a 
novel activity. In this work, the role and the effect of La 
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and Ce oxides on the catalytic performance and the physic- 
ochemical properties of Pd-only TWC as a function of im- 
pregnation mode were investigated by three-way catalytic 
reaction, X-ray photoelectron spectroscopy (XPS), X-ray 
diffraction (XRD), BET and hydrogen chemi sorption. To 
elucidate the role of lanthanum oxide, the physicochemical 
properties of a co-impregnated Pd-La/AhOa and a succes- 
sively loaded Pd/La/Al203 were compared. 



2. Experimental 

2.7. Catalyst preparation 

All the catalysts were prepared by a wet impregna- 
tion method. The 7-AI2O3 support (Nishio Co., Japan) 
has a packed density of 0.60 g/cm-^, BET surface area of 
160 m^/g and particle size of 20-70 mesh. Nitrate forms 
of Pd, Ce and La were used as precursors. The metal 
loadings of Pd, La and Ce are 1, 3 and 5 wt%, respec- 
tively, if the number in the bracket is not described. Af- 
ter impregnation of La or/and Ce precursors on 7-AI2O3 
followed by drying and calcination, Pd was consecutively 
impregnated for the preparation of promoted catalysts de- 
noted as Pd/La/AhOa, Pd/Ce/AbOa and Pd/Ce-La/AhOa. 
In comparison with Pd/La/Al203, the catalyst designated as 
Pd-La/AhOa was prepared by co-impregnation of La and 
Pd precursor simultaneously. All the catalysts calcined at 
873 K with air stream for 3 h were called as "fresh" cata- 
lyst. In addition, "aged" catalyst was obtained by treating 
the fresh catalyst at 1273 K with air stream for 10 h. 

2.2. Three-way catalytic performance test 

The three-way catalytic reaction was carried out at 
stoichiometric air/fuel ratio (14.7) and gas hourly space 
velocity of 72000 h^^ (400 cmVmin) in a continuous 
U-tube quartz reactor with simulated exhaust gas containing 
6000 ppm CO, 1500 ppm NO, 500 ppm C3H6, 3000 ppm 
H2, 6000 ppm O2 and 13% H2O in N2 balance. The reactant 
and product gases were analyzed by a gas chromatograph 
(DS6200, DONAM Systems, Korea) equipped with a ther- 
mal conductivity detector for CO and a flame ionization de- 
tector for C3H6, and by a chemiluminescence NOa; analyzer 

Table 



(42H, Thermo Environmental Instruments, Inc., USA). The 
reaction data were measured at a desired temperature after 
treating the catalyst with air stream at 773 K. 

2.5. Catalyst characterization 

BET surface area of a catalyst was obtained from the 
nitrogen adsorption isotherm at 77 K in a Micromeritics 
ASAP 2010c analyzer. Before the measurements, all the 
samples were degassed to 10""* Ton*. For the hydrogen 
chemisorption, the total and reversible adsorption isotherms 
of hydrogen were obtained with a sample of 0.3 g at 373 K 
after degassing the pre-adsorbed hydrogen at 673 K and 
1 X 10"^ Torr for 2 h in the same apparatus. The differ- 
ence between total and reversible adsorption isotherm cor- 
responded to the amount of hydrogen atoms chemisorbed 
irreversibly and reported herein. XRD experiment was per- 
formed with the target of Cu Ka (A = 1 .540598 A) oper- 
ated at 40 kV and 45 mA with a scan speed of 4°/min. XPS 
spectra were taken in a surface analysis chamber (LHS-10; 
SPECS GmbH, Germany). X-ray (Al Ka, 1486.6 eV) ra- 
diated at a power of 300 W (30 mA, 10 kV). The kinetic 
energy of an ejected electron was analyzed by a multi- 
ple channel detector in a hemispherical energy analyzer. 
The pass energy was 98 eV and the base pressure of the 
analysis chamber was 8 x 10~^^ Torr. Energy shifts of 
binding energy occurred due to the electron charging ef- 
fect. Each spectrum was calibrated using the peak of C 1 s 
(284.6 eV) as a standard. The accuracy of the spectrum 
was ±0.2 eV. Data smoothing, subtraction of background 
(Shirley method), and the curve fitting (Voigt ratio 30) 
were taken with SPECTRA software from SPECS GmbH. 
The relative atomic sensitivity factor (La 3d: 9.122, Ce 
3d: 8.808, Al 2p: 0.234, Pd 3d: 5,356) was obtained 
from [24]. 



3. Results 

3,1, Three-way catalytic performance test 

Table 1 shows the light-off temperature in which the 
conversion reaches 50% (Tso, ""C) for NO, CO and C3H6 
on various catalysts. Since the emission regulations such 



T50 (K) and T50 difference (A) between fresh and age 


fd catalysts for the removal of NO, CO and C3H6. 
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Pd/La/Al203 
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NO Fresh 
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as LEV II standards in California will strictly limit NOx 
other than CO or hydrocarbons, we focus on the light-off 
temperature for NO. Both fresh and aged Pd/Al203 reveal 
the highest T^q for all of the reactants. However, the T50 of 
fresh La- and/or Ce-promoted catalysts, whatever the load- 
ing and preparation methods, is significantly lower than 
that of Pd/Al203. The differences (A) between fresh 
and aged catalysts containing La, Pd/La/AlaOs and Pd- 
La/Al203, are smallest among the catalysts, indicating its 
excellent thermal stability under aging. Especially T50 of 
aged Pd-La/AhOs is much lower than that of Pd/La/AhOs. 
This result indicates that the catalytic activity and the ther- 
mal stability are affected by the order of introducing La 
and Pd during the preparation of the catalysts. The pro- 
moter effect of La on the catalytic activity is significantly 
increased on Pd-La/AbOs. 

Although fresh Pd/Ce(30)/Al2O3 shows the lowest Tso 
among fresh ones, the T50 is drastically increased upon 
aging. While the fresh Pd/Ce(30)/Al2O3 shows lower T50 
than that of fresh Pd/Ce/A^Oa, the T50 of aged one is much 
higher than that of aged Pd/Ce/A^Os one. It means that 
the catalyst containing Ce which is an activity enhancing 
promoter is largely deactivated on aging. In the case of 
Pd/La-Ce/Al203, the advantageous effect of lanthanum ox- 
ide on the enhancement of the thermal stability disappears 
from the large 25o,no difference of 76 K. In other words, 
the addition of La cannot maintain the high activity of fresh 
Pd/La-<:e/Al203. 

3,2, Surface area and hydrogen chemisorption 

The surface areas of all catalysts are definitely decreased 
on aging, as shown in table 2. Pd/La/A^Os shows the 
highest surface area among the aged catalysts. How- 
ever, the surface area of the aged Pd/Ce/Al203 is consid- 
erably decreased, whereas that of Pd/La-Ce/AbQa is not 
largely decreased on aging. The surface areas of the fresh 
Pd/La/Al203 and the fresh Pd-La/Al203 are similar, but the 
aged Pd/La/A^Os has a higher surface area than the aged 
Pd-La/Al203, which also implies the formation of different 
textural structure on two catalysts after thermal aging. 

The Pd dispersion of a fresh Pd/La-Ce/A^Os is the high- 
est according to the hydrogen chemisorption data in table 3. 
However, its dispersion is extremely decreased after aging. 



Although the fresh Pd/La/AhOs has relatively low disper- 
sion of 12.33%, the aged one retains the highest dispersion 
among the aged catalysts. Although the Pd dispersions in 
the fresh Pd-La/Al203 and Pd/La/Al203 are quite similar, 
the dispersion of the aged Pd-La/Al203 is drastically de- 
creased due to the significant thermal sintering. The effect 
of La on the retention of high dispersion during thermal 
aging is not great on Pd-La/AbOa and Pd/La-Ce/Al203. 
The BET surface area and hydrogen chemisorption data 
clearly indicate that lanthanum oxides play a crucial role 
in maintaining the high surface area of alumina and the 
dispersion of Pd, especially in case of sequentially loaded 
Pd/La/Al203 catalyst under the thermal aging with O2 at 
1273 K. 

3.3, XRD 

Figure 1 shows the XRD patterns of the fresh catalysts. 
Major peaks correspond to 7-AI2O3 and Ce02 phases. Only 
Pd/La/AhOs contains the broad PdO phase (figure 1(b)). 
Peak patterns of Pd/Ce/AbOa and Pd/Ce-La/AbOa are al- 
most the same. In other words, no lanthanum related peaks 
are detected on a Pd/La/Al203 containing 1 .27 ^mol-La/m^. 
This is in good agreement with the previous result that the 




28 

Figure 1. XRD patterns of fresh catalysts: (a) Pd/AhOa, (b) Pd/La/AbOa, 
(c) Pd/Ce/AhOs and (d) Pd/La-Ce/AljOa. (o) 7-AI2O3. (♦) PdO and 
(□) Ce02. 



Table 2 

BET surface areas (m^/g) of various catalysts. 

Pd/AbOa PdA.a/Al203 Pd-La/Al203 Pd/Ce/AbOa PdA-a-Ce/AbOa 

Fresh 164.88 163.82 163.20 154,79 156.83 

Aged 89.93 108.60 96.01 85.92 93.02 



Table 3 

Dispersion (%) of Pd by hydrogen chemisorption. 







Pd/Ce/Al2 03 


Pd/La/Ab03 


Pd-La/AbOs 


Pd/La-Ce/Ab03 


Fresh 
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35.49 
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Figure 2. XRD patterns of aged catalysts: (a) Pd/AhOs, (b) Pd/La/AbOa, 
(c) Pd/Ce/AbOs and (d) PdA^a-Ce/AhOa. (o) 7-AI2O3, (♦) PdO, 
(□) Ce02, (■) d-Al203, (•) Pd and (x) /C-AI2O3. 



lanthana up to 8.5 ^mol-La/m^ exist in the form of a two- 
dimensional overlayer on the alumina support invisible by 
XRD [25]. 

After aging the catalysts, the peaks grow sharper and 
the new peaks such as metallic Pd, ^-Al203 and /C-AI2O3 
come out, as shown in figure 2. Especially the growth of 
Pd metallic phase is noticeable in Pd/AhOa. Most AI2O3 
phases are ^-Al203 and K-AI2O3 on an aged Pd/AhOs. The 
addition of La and/or Ce oxides gives rise to the inhibition 
of the phase transition of 7-AI2O3 (figure 2 (b), (c) and (d)) 
to ^-Al203 and /C-AI2O3. Like the fresh Pd/La/A^Oa, no 
peaks concerning the La species such as La203 or LaA103 
are found in the other catalysts containing lanthanum ox- 
ide even after aging, because the two-dimensional La203 
invisible by XRD does not act as a precursor to the for- 
mation of LaAlOs [26]. 7-AI2O3 phase is maintained only 
on aged Pd/La/Al203, resulting in the high surface area, as 
shown in table 2. Figure 3 shows the XRD patterns of La- 
promoted Pd/Al203, In comparison with aged Pd/La/A^Os 
(figure 3(d)), the peaks of PdO {26 = 33.8^) and l9- AI2O3 
{29 = 32.8°) phases on aged Pd-La/AhOs (figure 3(b)) 
are obviously increased, which indicates that the sintering 
of Pd species and the phase transformation of 7-AI2O3 to 
^-AlaOs much more proceeded on a Pd-La/Al203 than on 
a Pd/La/Al203. These distinct textural properties after ther- 
mal aging seem to be due to the different role of La in two 
catalysts. 

The drastic growth of the Ce02 phase on a Ce-promoted 
catalyst shows a negative effect on the oxygen storage ca- 
pacity which depends on Ce02 crystalline structure [27], 
The advantageous effect of La on the inhibition of phase 
transformation of AI2O3 is not so large on Pd/La-Ce/Al203. 
The change in the lattice constant of Ce02 in the Pd/La- 
Ce/AbOs is estimated from the shifts of a peak at 20 = 
56.38°, arising from Ce02(31 1) plane [28]. The 20 of the 
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Figure 3. XRD patterns of the catalysts containing lanthanum oxide: 
(a) Pd-La/AbOa fresh, (b) Pd-La/AhOa aged, (c) Pd/La/AhOa fresh and 
(d) Pd/La/AlaOs aged, (o) 7-AI2O3, (♦) PdO, (■) ^-Al203 and (•) Pd. 

fresh Pd/La-Ce/Al203 is 5636° corresponding to that of 
pure Ce02, which indicates that La-Ce solid solution is 
not formed. It changes to 56.20° on aging, which means 
that La^^ ions are dissolved into the Ce02 lattice during the 
thermal aging, since the radius of the La^"*" ion (1.19 A) is 
larger than that of the Ce^"*" ion (1.09 A). The formation of 
La-Ce solid solution as shown in the XRD pattern by the 
dissolution of La^"^ ions into Ce02 lattice has been known 
as the key process in maintaining the good oxygen storage 
capacitor under the thermal treatment [18]. However, it is 
unsatisfactory to maintain the good activity and the textural 
property of fresh Pd/La-Ce/AhOs after the thermal aging 
according to the results of reaction performance and BET 
surface area. 

3.4. XPS 

XPS data of various Pd catalysts are summarized in ta- 
ble 4. When the catalysts are aged, Pd 3d5/2 peak areas 
become smaller, meaning that Pd surface concentration is 
decreased due to the thermal sintering. Such XPS results 
are consistent with the result of hydrogen chemisorption, as 
shown in table 3. Binding energy of Pd 3d5/2 in Pd/AbOs 
is 336.7 eV, which can be assigned to PdO by the previous 
XPS data [26,29]. Binding energies of Pd 3d5/2 in fresh 
La- and/or Ce-promoted catalysts are lower than that of 
Pd/Al203 by 0.5-0,7 eV, indicating the formation of less 
oxidized PdOi-^ species. After aging the Pd/Al203, the 
binding energy of Pd 3d5/2 shifts to 336.2 eV which is as- 
signed to that of PdOi-x species. A small shoulder appears 
at 338.4 eV which can be assigned as the binding energy 
of Pd02 or deficiently coordinated Pd^"** [29], However, 
the latter one seems to be more probable than the former 
one because Pd02 exists only in the hydrous form [30]. 
As the Pd/A^Oa is aged, the PdO is either reduced to the 
less oxidized PdO|-a; or diffused to the boundary site of 
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Table 4 

Binding energy of Pd 3d5/2 and the relative surface concentration 
of Pd/Al. 



BE Pd/Al 
(eV) (xlOO) 



Pd/AljOa 


Fresh 


336.7 


0.50 




Aged 


336.2 


0.09 






338.4 


0.06 


Pd/La/AhOa 


Fresh 


336.0 


0.51 




Aged 


336.2 


0.19 


Pd/Ce/AIzOa 


Fresh 


336.0 


0.52 




Aged 


336.8 


0.18 


Pd/La-Ce/Al203 


Fresh 


336.2 


0.51 




Aged 


336.6 


0.23 


Pd-La/Al203 


Fresh 


336.2 


1.68 




Aged 


335.5 


0.42 



AI2O3 thus to PdO interacting with AI2O3 having higher 
binding energy. Farrauto [31] suggested that the bulk-like 
PdO species was much more active than the PdO inter- 
acting with AI2O3 species in methane combustion. The 
addition of lanthanide oxides suppresses the formation of 
such PdO species on the aged catalysts (table 4) possibly 
by blocking the diffusion of PdO to alumina, thus resulting 
in the superior reactivity of the aged catalysts containing 
lanthanide oxide (table 1). It was described in section 3.3 
that the aged Pd-La/Al203 showed a better activity than 
that of aged Pd/La/A^Oa in spite of the lower surface area 
and the higher degree of crystallinity, which could be well 
explained by XPS data that the Pd surface concentration of 
the former one was more than three times larger than that 
of the latter one. 

When Pd-La/Al203 is aged, the binding energy of Pd 
is shifted to more metal-like PdOi_a; species (335.5 eV). 
The binding energy shifts on the insulator support are in- 
fluenced not only by the chemical state of the metal, but 
also by the final state effect arising from the size of the 
supported metal crystallites. However, the effects of parti- 
cle size are negligible, if the supported metal particles are 
large enough to exhibit bulk-like valence structure. The 
dispersion of the samples studied here ranges between 1 
and 36%, as shown in table 3. The minimum estimated av- 
erage diameter of the Pd particles was 5 nm, based on the 
equation suggested by Bell [23], According to the review 
paper by Karpinski [32], Pd particles larger than 4 nm were 
treated as bulk Pd. Therefore, the final state effects arising 
from the particle size of Pd can be excluded. 

Accordingly the binding energy shift is attributed to the 
charge transfer from LaOx to Pd [33], arising from the in- 
timate interaction between Pd and La on the surface during 
the thermal aging. On the other hand, the thermal aging 
on the sequentially loaded catalyst, Pd/La/Al203, does not 
affect the electronic environment of Pd, resulting in the sim- 
ilar binding energy of Pd 3d to that of fresh Pd/La/AhOa. 
It can be explained by relatively weak interaction between 
Pd and La on Pd/La/A^Oa in comparison with that on Pd- 



Table 5 

Binding energy of La 3d5/2 and the relative surface concentration 
of La/Al. 



BE La/Al 
(eV) (XlOO) 



Pd/La/Al203 


Fresh 


835.8 


1.82 




Aged 


835.6 


2.28 


Pd-La/AbOa 


Fresh 


835.4 


3.25 




Aged 


835.6 


4.65 


Pd/La-Ce/Al203 


Fresh 


835.7 


1.40 




Aged 


835.7 


2.33 



La/A^Oa. Table 5 shows the binding energy of La 3d5/2 
and the relative surface concentration of La/Al for the La- 
loaded catalysts. The binding energies of 833.5 and 835 eV 
are assigned to La 3d5/2 of pure La203 oxides and that of 
dispersed LaaOs phase, respectively [34]. Therefore, the 
La species on our catalysts possibly correspond to the lat- 
ter one. Furthermore, the binding energy of La 3d5/2 of all 
La-loaded catalysts was not changed on thermal aging. In 
summary, the interaction between Pd and La is significant 
on the catalyst prepared by co-impregnating both of these, 
resulting in the surface-abundance of Pd and La, the im- 
proved thermal stability of Pd and the enhanced catalytic 
activity. 

4. Discussion 

La203 has been well known as a promoter to have a 
good thermal resistance. In this study, it was also con- 
firmed that Ce and La are promoters for the catalytic ac- 
tivity and thermal stability, respectively. It is notable that 
the role of La on the Pd-only three-way catalyst is signifi- 
cantly affected by the impregnating order of La and Pd on 
7-AI2O3 support. On Pd/La/AhOs, La203 played a crucial 
role of inhibiting the phase transformation from 7-AI2O3 to 
^-AbOa, resulting in the maintenance of the high surface 
area after thermal aging. Capitan et al, [34] ascribed it to 
the strong interaction between La cation and the support, 
which resulted in a redistribution of the electronic density 
over Al-O-La ensembles from the spectroscopic measure- 
ments and ab initio calculations. On the other hand, on 
Pd-La/AhOs, the intimate interaction between lanthanum 
oxide and Pd was a primary observation. A high surface 
concentration of Pd and a charge transfer from LaOx to Pd, 
as shown in table 4, seemed to arise from the intimate inter- 
action of lanthanum oxide with Pd. Therefore, the degree 
of interaction with Pd closely depended on the order of the 
addition of La during catalyst preparation. First, the major 
function of La on Pd/La/Al203 was the suppression of a 
thermal sintering of alumina texture through an interaction 
between La and Al like a La-O-Al bond which might be 
formed during the calcination of La/Al203 before impreg- 
nation of Pd. However, there was no significant effect of 
La on the electronic structure of Pd species in this case in 
comparison of XPS data with that of Pd-La/AlaOs. Second, 
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the La on Pd-La/AhOs played a main role as a promoter 
to enhance the thermal stability of Pd through an intimate 
interaction between Pd and La possibly as a form of Pd-La 
ensemble which seemed to be formed by the calcination of 
Pl-La/AhOa. The higher surface concentration of Pd/Al 
on Pd-La/A^Os than that on Pd/La/Al203 was interesting, 
because Pd was finally loaded on the latter one. It could 
be explained by the intimate interaction between Pd and 
La that might be maintained on the surface during thermal 
aging, thus resulting in the higher surface concentration of 
Pd/Al and La/Al as shown in XPS. In addition, the intimate 
contact of Pd and La on Pd-La/AhOa might give rise to 
the easy charge transfer from LaOx to Pd to form rather 
electron-rich PdOi_x species. 

Two types of PdO species were reported in the Pd cat- 
alysts supported on AI2O3 by Farrauto et al. [31]. One 
is easily reducible PdO covering Pd metal particles, which 
is reduced to metallic Pd in H2 even at RT, and this PdO 
species have the similar binding energy to bulk PdO by XPS 
study [29]. The other is a stable palladium oxide strongly 
interacting with alumina. TPO/TPR study showed that the 
ratio of O to Pd was more than one, in other words, oxygen 
rich, and that it was reduced at higher temperature [10]. In 
methane combustion, the former PdO species (PdO cover- 
ing metal particles) were suggested to be much more active 
than the latter one (PdO interacting with AI2O3). The bind- 
ing energy of Pd 3d5/2 in aged Pd/A^Oa (338.4 leV) was 
higher than that of bulk PdO (336.7 eV) by 1.7 eV, as shown 
in table 4. It was demonstrated that the presence of lan- 
thanide oxides suppressed the formation of PdO interacting 
with AI2O3 during thermal aging from the result of XPS. 
By analogy to the methane combustion, the absence of PdO 
interacting with AI2O3 on Pd/AhOa containing lanthanide 
oxide accounts, for the higher three-way catalytic activity 
than Pd/Al203 after thermal aging. 

In spite of the formation of the solid solution of 
(Cea;Lai_ar)02 on Pd/La-Ce/AhOs, as shown figure 2, 
Pd/La-Ce/AbOs was rapidly deactivated upon aging. In 
other words, when La was co-impregnated with Ce, its 
thermal stabilizing effect was not observed. Therefore, 
an alternative method must be found to keep the excel- 
lent property of each promoter, La and Ce. To achieve 
the optimum performance of Pd-only three way catalyst, it 
was shown that ceria had to be separated from the Pd ac- 
tive species or promoters by physical mixing in our recent 
results [35]. 

5. Conclusions 

The role of La significantly depended on the impregnat- 
ing. order of La and Pd on the Pd-only three-way catalyst 
supported on alumina. When La was co-impregnated with 
Pd on Pd-La/Al203, which showed a high activity, the ma- 
jor role of La was a promoter to enhance the thermal sta- 
bility of Pd through an intimate interaction between Pd and 
La, resulting in the electron-rich PdOi_a: species. How- 
ever, La predominantly interacted with alumina and played 



as a promoter to suppress a thermal sintering of alumina 
texture on Pd/La/AhOa that was prepared by loading La 
first and then introducing Pd serially. In the case of Pd/La- 
Ce/Al203, the formation of La and Ce oxides solid solution 
was not strong enough to maintain the high activity and the 
good textural property after thermal aging. 
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